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Preface 


The author’s own statement about the work; e.g., motivation for undertaking the work, research 
method, permissions granted for the use of previously published material etc. 

Approaching a single disease, a very important zoonosis, has the advantage that the exhaustive 
knowledge gained in the research of this disease can be exploited. 

We believe that this monograph is timely, on the one hand, because there are still many unknown 
things about this zoonosis. On the other hand, it is necessary to make known the concerns of 
Romanian researchers related to this protozoonosis. 

In the current work, which I have titled “Toxoplasmosis: Epidemiology, Prevention and 
Control”, the authors propose to synthesize in one volume both the general knowledge regarding the 
biology, epidemiology and diagnosis of toxoplasmosis, but also some recommendations and elements 
of parasitological control. The book has as its starting point a doctoral thesis developed by Dr. Ionela 
Hotea, coordinated by Prof. Dr. Gheorghe Dárábus. In addition to worldwide knowledge, the paper 
gathers the Romanian contributions to the study of this protozoonosis, especially those brought by 
the parasitology school at the Faculty of Veterinary Medicine in Timisoara. 

The book is written in a conventional system, offering human doctors, veterinarians and 
students, in a single volume, classic knowledge but also news about the evolution of this parasitosis, 
the achievements and progress of Romanian parasitology, supplemented with information from the 
world specialized literature. 

We hope that this book will contribute to raising the level of knowledge of human and veterinary 
doctors, to optimizing the training of students in the field, to the development of the training process 
in university education, to the development of the continuous learning process. Also, this volume 
can be a starting point for the development of Romanian scientific research, and not only that. 

Being the first edition of this book, some inadvertences or mistakes may be inherent. Therefore, 


we ask the readers to bring to our attention any observations to consider them in a new edition. 


Gheorghe Darabus 
University of Life Sciences “King Mihai I” from Timisoara 


Timis, Romania 
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1. Introduction 


Toxoplasmosis is one of the most common parasites in humans and animals, 
ranking third in the world’s zoonosis. Toxoplasmosis causes economic losses around 
livestock, through abortions, embryonic mortality or non-viable products. The 
intermediate hosts are numerous species of mammals and birds, and also humans. 
In felids, the definitive hosts, Toxoplasma gondii develops in the small intestine, while 
in intermediate hosts, the parasite is localized in different parts of the body, with 
the formation of pseudocysts and then cysts in the brain, muscles and various 
organs (Tenter et al. 2000; Petersen et al. 2006). At the European level, the interest 
of specialists in toxoplasmosis is remarkable (Cermáková et al. 2005; Colville and 
Berryhill 2007; Durecko et al. 2004). In Romania, research related to this zoonosis is 
under development. 

Toxoplasmosis is the subject of numerous bibliographic studies conducted 
worldwide, with equal reference to humans and animals (Tenter et al. 2000; Dubey 
2004). Serological surveillance has shown that T. gondii infection is widespread in 
farm animals. The most receptive species are sheep, goats and pigs, then leporids, 
horses, cattle and also birds. In sheep, the prevalence of toxoplasmosis varies between 
3% in Pakistan and 95.7% in Turkey, and in goats between 3.2% in Mexico and 90.9% 
in the Netherlands. In pigs, the prevalence of T. gondii infection is between 0.74% 
in Ontario, Canada and 90.4% in Minas Gerais, Brazil. Various prevalence has 
also been identified in less susceptible species. Thus, in horses, the prevalence 
of toxoplasmosis varies between 1% in Sweden and 48.1% in Egypt, and in cattle 
between 1.6% in Cordoba, Spain and 91.8% in Lombardy, Italy. In buffaloes, the 
prevalence of toxoplasmosis is very low, with the highest value (8.8%) being identified 
in Iran. Viable forms of the parasite could not be isolated from this species. Buffaloes 
are considered unresponsive to this disease. Among pets, in cats, the prevalence 
was reported between 2.1% in Guangdong, China, and 89.3% in Colombia, and in 
dogs, between 3.7% in the Czech Republic and 88.5% in Mato Grosso, Brazil (Dubey 
2010). In wild species from zoos, the prevalence of T. gondii infection is varied. 
Toxoplasmosis can be found in camels (0—-26.3%), monkeys (10.2-30.2%), marsupials 
(3.3—26.196), wild carnivores (0O—-100%), bears (35-70%), deer (1.2-90%) and also in 
wild boar (1-83.7%) and hares (6.1-26.9%) (Dubey 2010). 

There are many factors that influence epidemiology, such as the management of 
farm, breeding and maintenance; cat density; climatic conditions that influence the 
growth of oocysts in the environment (temperature, humidity, wind); geographical 
area; and different culinary and cultural habits of consumers (Van der Giessen et al. 
2007; de Moura et al. 2007). 

The prevalence of toxoplasmosis varies depending on the living conditions of 
the animals, being higher in free-range cats, which have the opportunity to hunt 
small mammals or birds. It is much lower in domestic-raised animals without access 
to the outside. In farm animals, the prevalence is higher where animals have direct 
or indirect contact, through feed, with cats. The seroprevalence of T. gondii infection 
differs from country to country, but also within the same country, from one region 
to another, or even within the same city. These differences depend on the degree of 
civilization and culture of the human population. Controlled feeding of cats with 
cooked food or commercial food can greatly reduce the incidence of this disease. 


Instead, the lack of food forces these predators to hunt in order to survive and thus, 
the biological cycle of the parasite continues. Additionally, supervised feeding and 
providing heat-treated food, where appropriate, of farm animals can significantly 
reduce the incidence of toxoplasmosis. 


2. Toxoplasmosis Etiology and History 


Toxoplasmosis is a general protozooses produced by coccidia belonging to the 
family Toxoplasmidae. It parasitizes in various organs and tissues in over 350 species 
of vertebrates. From this point of view, it is perhaps the most widespread protozoan 
(Garcia et al. 2005; Darabus et al. 2006; Ghazy et al. 2007). 

Toxoplasma gondii is considered one of the most complex parasites known to 
date. It has a heterogeneous biological cycle and can infect all species of warm- 
blooded animals (mammals and birds), including humans. The parasite can be found 
anywhere in the world, which demonstrates its medical and veterinary importance, 
as it can cause abortion and birth defects in intermediate hosts. Due to its zoonotic 
importance, T. gondii is the most studied of the coccidia. 

The first detailed description of tachyzoites (asexual forms) in the spleen, liver 
and blood of some rodent species in North Africa, called Ctenodactylus gondii, was 
made by Nicolle and Manceaux in 1908 (cit. by Tenter et al. 2000). They were also the 
ones who introduced the genus Toxoplasma, and T. gondii became the type species of 
this genus (Table 1): 


Table 1. Taxonomic classification (by Dubey and Lappin 1998). 


Kingdom Protista 
Subkingdom Protozoa 
Phylum Apicomplexa 
Class Sporozoasida 
Order Eucoccidiorida 
Family Sarcocystidae 
Genus Toxoplasma 
Species gondii 


Source: Authors’ compilation based on data from Dubey and Lappin 1998. 


During the first half of the 19th century, Toxoplasma species were named after 
the host species in which they were observed. In the late 1930s, biological and im- 
munological studies showed that all other species discovered were, in fact, identical 
to T. gondii (Table 2) (Tenter et al. 2000). 

The discovery of the coccidian nature in Toxoplasma gondii was made in the 
1960s, when detailed studies revealed ultrastructural similarities between T. gondii 
merozoites and Eimeria species merozoites. Highlighting infesting forms for inter- 
mediate hosts, present in cat feces, and later, description of sexual stages in the cat’s 
small intestine elucidated the coccidian and heterogeneous nature of the biological 
cycle for T. gondii (Dubey et al. 2006a). 


Table 2. Historical data about Toxoplasma gondii (by Tenter et al. 2000). 


Year The Event Year The Event 

1900 Description of Toxoplasma as 1952 Description of the classic 
a parasite in Java sparrows. tetrade of symptoms in 

congenital toxoplasmosis 
in humans 
(chorioretinitis, cerebral 
calcifications, 
hydrocephalus or 
microcephaly, 
psychomotor disorders). 

1908 First description of 1953-1954 The first case of 
Toxoplasma as a human tissue toxoplasmic encephalitis 
cyst (associated with in a patient with 
sarcosporidiosis). Hodgkin’s disease. 

1908 Description of T. gondii 1957 Toxoplasmic abortion is 
merozoites in gondii mice by recognized in sheep. 
Nicolle and Manceau. 

1908 Discovery in rabbits 1954-1956 Elaboration of the 
(Toxoplasma cuniculi). hypothesis that the 

horizontal transmission 
to humans occurs 
through slightly cooked 
pork. 

1909 Introduction of the genus 1959 Repeated congenital 
Toxoplasma (with type species: transmission in mice. 

T. gondii). 

1910 Description of the disease in 1959 Serological evidence of 
a domestic animal (dog). toxoplasmosis in 

vegetarians. 

1923 First case of congenital 1960 Discovery that tissue 
toxoplasmosis in an cysts are resistant to 
11-month-old child with proteolytic enzymes. 
hydrocephalus and 
microphthalmia. 

1928 The first description of tissue 1960 Discovery of the major 
cysts as a persistent stage in sequelae left by 
the intermediate host. congenital toxoplasmosis 

in humans. 

1937 Demonstration of congenital 1965 Recognition of the 


transmission. 


coccidian nature of 
T. gondii based on 
highlighting the 
ultastructure of 
extraintestinal 
merozoites. 


Table 2. Cont. 


Year The Event Year The Event 

1937 The first fatal case of 1965 Epidemiological evidence 
disseminated toxoplasmosis that horizontal 
in a 22-year-old adult. transmission to humans 

occurs through poorly 
cooked meat. 

1937-1939 Recognition of T. gondii as a 1965 The hypothesis that an 
causative agent of infectious stage of 
encephalomyelitis in T. gondii is passed into the 
newborns. environment with cat 

feces. 

1939 Description of the classic 1968 Recognition of T. gondii as 
triad of symptoms in a complication in patients 
congenital toxoplasmosis in with malignancies. 
humans (chorioretinitis, 
hydrocephalus, encephalitis 
followed by cerebral 
calcification). 

1939 Highlighting the similarities 1969 Identification of T. gondii 
between human and animal oocysts. 
lesions based on biological 
and immunological 
analogies. 

1940-1941 Recognition of T. gondii as a 1970 Description of the sexual 
causative agent of acute form phase of the biological 
in adults cycle in the small 

intestine in cats 

1941-1942 Detailed description of 1970-1972 Establishment of final 
toxoplasmic encephalitis in and intermediate hosts. 
children. 

1942 Recognition of vertical 1969-1972 Recognition of the 
transmission in humans. epidemiological role of 

cats in the spread of 
T. gondii in different 
geographical areas 
(including isolated 
islands). 

1948 Introduction of the 1972 Description of 5 types of 
methylene blue test for T. gondii from the 
T. gondii antibodies. intestinal epithelium of 

cats. 

1951-1952 Recognition of T. gondii as a 1981-1982 The first case of CNS 


causative agent of 
lymphadenopathy in 
humans. 


toxoplasmosis in AIDS 
patients. 


Table 2. Cont. 


Year The Event Year The Event 
1952 Recognition of T. gondii as a 1984 Recognition of T. gondii as 
causative agent of an opportunistic 
chorioretinitis in humans. pathogen in AIDS 
patients. 
1995-1999 The most significant 


epidemic of acute 
toxoplasmosis in humans 
(100 individuals aged 6 to 
83 years) associated with 
the presence of oocysts in 
the municipal drinking 
water tank. 


Source: Authors' compilation based on data from Tenter et al. 2000. 


For more than three decades, T. gondii has been considered the only valid species 
of the genus Toxoplasma, but recent studies have shown that there are at least two 
clone lines in T. gondii, one virulent for mice and the other avirulent for mice. A study 
by Johnson in 1997 suggested that vertical transmission of the virulent line to mice is 
of greater epidemiological importance than previously thought (Johnson 1997; da 
Silva et al. 2005; Djurkovic-Djakovié et al. 2005; Speer and Dubey 2005). 

Throughout its evolution, T. gondii has been shown to have several routes of 
transmission but, for three decades, no conclusion has been reached on the most 
important of these. Congenital toxoplasmosis has long been thought to be the 
most important—the result of vertical transmission during pregnancy. On the other 
hand, some information is known about the horizontal transmission of T. gondii 
between different host species, about the large natural reservoir of T. gondii or about 
the epidemiological impact of various sources that cause infections or diseases in 
humans (Dárábus et al. 2006). 

In the final host—a feline—toxoplasmosis usually develops asymptomatically, 
while in the intermediate hosts, it can cause abortions or even death. Economic losses 
are significant due to reduced birth rates and abortions in farm animals, especially 
sheep and pigs. Humans are also receptive to T. gondii, and can cause abortion, 
stillbirth, birth defects, neurological signs, ocular symptoms, etc. (Negash et al. 2004; 
Brandao et al. 2006; Gauss et al. 2006; Hill et al. 2006; Jones et al. 2007). 


3. Biology and Morphology of Toxoplasma 
gondii 
3.1. Lyfe Cicle 


T. gondii is a ubiquitous parasite that can be found anywhere in the world and 
can infect even the most unusual species of animals, as well as many types of host 
cells. The biological cycle of T. gondii is optionally heterogeneous. Intermediate 
hosts are probably all warm-blooded species, including most farm animal species as 
well as humans. Definitive hosts are represented by members of the feline family, 
especially the domestic cat (Johnson 1997; Garcia et al. 2005; Dangolla et al. 2006; 
Figueroa-Castillo et al. 2006; Mucker et al. 2006; Ryser-Degiorgis et al. 2006; Ghazy 
et al. 2007). 

Until 1970, only the asexual stages—tachyzoites and bradyzoites—were known. 
The sexual forms of the cycle and the presence of resistant forms in the environment— 
i.e., oocysts—have been explained since 1970. In the last 40 years, several discoveries 
have been made regarding the complete biological cycle of the parasite, especially 
in the sexual phase of the cycle, and the impact of these data on the disease and its 
control. 

The transmission of the parasite was a mystery until its discovery in the ro- 
dent Ctenodactylus gondii. Chatton and Blanc (1917, cit. by Dubey and Jones 
2008) reported that this rodent did not become infected in the wild, but in captivity. 
Ctenodactylus gondii lives in the mountains of southern Tunisia. Rodents were 
used in research for leishmaniasis at the Pasteur Institute in Tunisia. Chatton and 
Blanc assumed that T. gondii was transmitted through arthropods, the parasite being 
identified in the host’s blood (Dubey and Jones 2008). 

In the intermediate host, T. gondii has two phases of asexual development. In 
the first phase, tachyzoites multiply rapidly by repeated endodyogeny in different 
types of host cells. Pseudocysts with tachyzoites are specific for acute toxoplasmosis. 
In the hosts that survive this evolution, tachyzoites invade any cell, either passively 
(by hyaluronidase and lysozyme) or actively (by phagocytosis) (Cosoroaba 2005). 

The tachyzoites are crescent shaped, with the nucleus located centrally, having 
approximately 6 x 2 um and multiplying in almost any cell in the body. Tachyzoites 
do not completely fill the host cell, whose nucleus remains visible (Lachenmaier et al. 
2011). Generally, the nucleus is located towards the posterior extremity or in the 
central area of the cell. Toxoplasma gondii can move by sliding, rippling and rotating 
(Dubey 2005). 

Tachyzoite enters the host cell by actively penetrating its membrane. After 
penetration, the tachyzoite is rounded and surrounded by a parasitophorous vacuole 
(PV). It has been suggested that this vacuole is produced by both the parasite and 
the host cell (Toulah et al. 2011). 

Inside the host cell, tachyzoite multiplies asexually by repeated endodyogeny. 
Endodyogeny (endo = inside; dyo = two; genos = birth) is a specialized form of repro- 
duction, in which two offspring are formed inside the parent parasite (Lachenmaier 
et al. 2011). Tachyzoites continue to divide by endodyogeny until the host cell is full 


of parasites. They contain numerous granules with trophic reserves that underlie the 
speed of multiplication (Dubey 2005). 

If cell-destruction occurs, they infect other cells, continuing their development 
(Lachenmaier et al. 2011). Tachyzoites of the last generation initiate the second 
phase of asexual development, which results in tissue cysts (Toulah et al. 2011). 
The transition from the pseudocyst to the cyst is the result of the appearance of the 
state of immunity and of some genetic factors related to the host. In the genesis of 
immunity, interferon (INFy) plays an essential role, inhibiting the multiplication of 
tachyzoites—a necessary condition for the formation of cysts (Tekay and Ozbek 2007). 
It has not been shown that tachyzoites disappear completely with the formation of 
cysts. “Waiting tachyzoites" may persist and cause a resurgence of toxoplasmosis 
(Cosoroabá 2005). 

Tissue cysts grow intracellularly and contain numerous bradyzoites that are 
similar in structure to tachyzoites, but the bradyzoites are shorter and thinner, and 
the nucleus is located at the back of the parasite. Bradyzoites contain heat-shock 
proteins with a role in the trapping phenomenon. The host cell is strongly modified, 
and its nucleus is reduced to a thin marginal band. Biologically, bradyzoites differ 
from tachyzoites in that they can survive stomach digestion, while tachyzoites are 
usually destroyed. Tissue cysts appear to be essential in toxoplasmosis, as no strains 
of Toxoplasma gondii without cysts have been identified (Olariu 2003; Dárábus et al. 
2006). 

Tissue cysts have variable sizes 15-60-100 um and usually take the shape of the 
cell they parasitize, being separated from it by a thin wall («0.5 um), which is elastic 
and argentophilic. Its isolation from host tissue is the result of an antigen-antibody 
reaction for the purpose of immune evasion of the parasite. Young cysts can be only 
5 um and contain only two bradyzoites, while older cysts can contain hundreds of 
organisms (Toulah et al. 2011). 

Tissue cysts have an increased affinity for neural and muscular tissue, which 
are located mainly in the CNS, eyes, as well as in the skeletal and cardiac muscles. 
However, to a lesser extent, they can also be found in visceral organs such as the 
lungs, liver and kidneys (Dubey 2005; Wang et al. 2006; Cambrea et al. 2007). 

Not all strains of T. gondii have the same ability to form cysts. The rapidly 
cystogenic ones are slightly pathogenic. Strains proven to be pathogenic have poor 
cystogenesis skills or are even acystogenic (RH Sabin strain) (Cosoroabá 2005). 

Tissue cysts represent the terminal phase of the biological cycle in the interme- 
diate host, and from that moment, they begin infesting. In some intermediate host 
species, they may persist throughout the animal's lifetime, but the mechanism by 
which they persist for so long is not yet known. 

Many researchers believe that these cysts periodically rupture, and bradyzoites 
turn into tachyzoites that invade other cells and turn back into bradyzoites, forming 
a new tissue cyst. If these cysts are ingested by a definitive host, they initiate another 
phase of asexual proliferation that begins with multiplication by endodyogeny, 
followed by endopolygeny in the epithelial cells of the small intestine. The terminal 
stage of this asexual multiplication initiates the sexual phase of the biological cycle, 
the sexual stages also developing in the epithelium of the small intestine (Dubey and 
Beattie 1990). 


The intraepithelial biological cycle is found only in the definitive host. The 
evolutionary cycle that starts from the ingestion of their cysts with bradyzoites has 
been precisely studied. Many cats become infected by consuming intermediate hosts 
that have tissue cysts. Bradyzoites are released from cysts in the cat’s stomach or 
intestine due to the dissolution of the cyst wall by digestive enzymes. Bradyzoites 
enter the epithelial cells of the small intestine and the development of forms (A — E) 
that precede the asexual phase are initiated. These forms, A — E, are equivalent to 
the schizonts of other intestinal coccidia. After an indefinite number of generations, 
the merozoites developed from the D or E-type forms will determine the formation 
of micro- or macrogamonts. Microgamontes divide and form biflagellate microga- 
metes, which are released and head for the macrogamonts they penetrate. A wall 
forms around the fertilized macrogamont and becomes oocyst (Shakespeare 2009). 
When mature, oocysts are eliminated in the intestinal lumen by rupture of intestinal 
epithelial cells. Oocysts are unsporulated (non-infesting) when they are excreted in 
the feces. The sporangium occupies almost the entire inner space of the oocyst, and 
the sporulation occurs outside the host cat within 1-5 days, depending on the degree 
of aeration and temperature (Darabus et al. 2006). 

The sporulated oocysts are subspherical to elliptical and have a diameter of 11 x 
13 uum. Each sporulated oocyst contains two sporocysts. Each sporocyst contains four 
sporozoites. Sporozoites are banana shaped and can survive in oocysts for several 
months, even in more precarious environmental conditions (Dubey and Beattie 1990; 
Speer and Dubey 2005; Cosoroabá 2005). 

The entire intraepithelial cycle in Toxoplasma gondii is complete 3 to 10 days after 
ingestion of tissue cysts and occurs in approximately 97% of cats that have never 
been infested. After ingestion of oocysts or tachyzoites, oocyst formation is delayed 
for up to 18 days and is found in only 20% of cats that have ingested those forms 
(Toulah et al. 2011). The differences regarding this delayed cycle and the resistance 
that some cats have are unclear, but it is assumed that bradyzoites are precursors of 
intraepithelial replication (Cosoroabá 2005). 

In cats, along with the entero-epithelial cycle, in which they have the role of 
definitive host, another cycle can take place: the extraintestinal cycle, in which the 
role is of intermediate host. In this case, the bradyzoites enter the lamina propria, 
where they multiply as tachyzoites, with the possibility of subsequent blood dissemi- 
nation, in a few hours, in the extraintestinal tissues. Tachyzoites can proliferate by 
endodyogeny in a number of organs and in a wide variety of cell types, being initially 
present in large numbers in the lungs and spleen, and after 6-10 days they can invade 
all organs, including the brain. In immunocompetent mice, the maximum number 
of lesions and that of tachyzoites occur at approximately 12 days post-infectious, 
and then, at 21 days, it becomes extremely difficult to identify tachyzoites in organs, 
even by immunohistochemical (IHC) analysis (Weiss and Kim 2004). Toxoplasma 
gondii persists in the intestinal and extraintestinal tissues of the cat for at least a few 
months, or even the entire life of the animal. The prepatent period is variable with 
the infecting element: 3-10 days for tissue cysts (100% infectivity), over 19 days for 
tachyzoites (50% infectivity) and over 20 days if spore oocysts are ingested (50% 
infectivity) (Dubey 2005). 


T. gondii can be transmitted from the final host to the intermediate one, from the 
intermediate to the definitive host as well as between the definitive and intermediate 
hosts. It is not yet known exactly which of these pathways is more important from 
an epidemiological point of view. However, the prevalence of the disease is not 
limited by the presence of a particular host species. The biological cycle can continue 
indefinitely by transmitting their tissue cysts between intermediate hosts (even in 
the absence of the definitive host) or by transmitting oocysts between the definitive 
hosts (even in the absence of intermediate hosts) (Johnson 1997). 


3.1.1. Toxoplasma gondii Reproduction—Endodyogeny 


Tachyzoites possess a unique ability: namely the ability to proliferate indefinitely 
through a distinctive process called endodiogeny, which involves the growth and 
division of the parasite with the formation of two daughter cells (Toulah et al. 2011). 
Despite the fact that endodiogeny resembles binary division, it is extremely complex 
due to the process of formation of the two polarized daughter cells (Lachenmaier 
et al. 2011). In contrast with the classic patterns of asexual division, observed in 
other members of the Apicomplexa cluster (even in the coccidian stages of T. gondii), 
tachyzoites retain their apical complex until the end of endodiogeny. Although 
these two processes are simultaneous, mitosis and daughter-cell formation will occur 
separately (Weiss and Kim 2004). 


Cell Duplication—Mitosis 


Only a few descriptions are available at the ultrastructural level regarding 
mitosis in T. gondii. These observations can be interpreted by comparison with much 
more detailed studies on other members of the Apicomplexa cluster, especially Eimeria 
spp. One of the unique aspects of mitosis at the Apicomplexa is the preservation of 
the nuclear membrane intact throughout the division. Coccidia-specific centrioles 
(150 nm in diameter) consist of nine short tubules (100 nm long), in the middle of 
which is a central tube. Centrosomes or polar bodies of the spindle are formed by 
two centrioles oriented in parallel. They are always associated with centrocones 
(or mitotic spindle poles), usually on the apical face of the nucleus. In the earliest 
stage of mitosis, a sleeve is formed around the nucleus containing fibrous material. 
The sleeve corresponds to an invagination of the nuclear envelope, open at both 
ends to the cytoplasm. The mitotic spindle will polymerize in this sleeve, which 
will then open into the nucleoplasm through its middle portion, while the poles will 
give rise to centrocones. Initially, the centrocones are in the form of subspherical 
invaginations of the nuclear envelope open to the centrosomes, through which the 
spindle microtubules extend. The intranuclear spindle is usually transient and 
has been described in a few studies. Most likely, the kinetochores will separate 
immediately after the release of the sleeve and will assemble on the nucleoplasmic 
face of the centrocones. Karyokinesis does not depend on mitotic elongation. The 
centrocones quickly become conical veins of the nuclear envelope, open in the 
centrosomes, and are covered on the nucleoplasmic face with a multilayered structure 
corresponding to the kinetochores. The specific feature of this stage is that each 
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mitosis takes place simultaneously with the formation of the two daughter cells 
(Weiss and Kim 2004). 


Tachyzoites Biogenesis 


Shortly after the separation of the centrosomes and the formation of the cen- 
trocones, the development of the future apical complexes of the daughter cells (in 
the vicinity of each centrosome) will begin. The details of biogenesis have not been 
studied as systematically or in as much detail as in the case of Eimeria spp. However, 
the same pattern is known to follow. In the early stage of development, a tension fiber 
can be observed that originates between the two centrioles and that unites an area 
where the conoid assembles (Lachenmaier et al. 2011). The inner membrane complex 
and subpellicular microtubules are initially formed around the conoid, then grow 
in the posterior direction. This process occurs inside the cytoplasm of the mother 
cell rather than in association with its plasmalemma, an aspect characteristic of the 
formation of daughter cells by classical schizogony, carried out in most members of 
the Apicomplexa cluster (Toulah et al. 2011). The early stages have the appearance 
of a short, flattened cone that then elongates into a cylindrical structure that will 
eventually surround the mature organism (Weiss and Kim 2004). 

As development progresses, the nucleus acquires a “U” shape, and the forming 
internal complex elongates and captures the nuclei of daughter cells. During this time, 
cellular organs are also formed (Golgi apparatus, apicoplasts, rhoptries, micronemes) 
(Weiss and Kim 2004). 

As the daughter cells develop, the inner membrane complex of the stem cell 
ruptures with the organs in the anterior portion (Lachenmaier et al. 2011). The fully 
developed daughter cells occupy a large part of the cytoplasm of the cell of origin, 
and their internal membrane complex will come into contact with the stem-cell 
plasmalemma, resulting in the film (Toulah et al. 2011). Stem-cell cracking begins at 
the anterior extremity and, before total separation occurs, the daughter cells remain 
connected by a portion of the residual cytoplasm. Repeated division leads to the 
accumulation of tachyzoites in parasitophorous vacuoles which, when arranged in 
flattened fibroblast cells, can acquire the typical rosette appearance (Ferreira-da-Silva 
et al. 2009). 

Endodyogeny is an exclusively asexual form of division that occurs in intermedi- 
ate hosts (during tachyzoite and bradyzoite formation), which is completely different 
from the division process that takes place in the final host (with the formation of 
merozoites) or in oocysts (with the formation of sporozoites) (Weiss and Kim 2004). 


3.1.2. Life Cycle in the Definitive Hosts 


Coccidian development is limited to the epithelial cells in the small intestine 
of the definitive host (cat). Regardless of the stage of coccidian development, the 
parasite is wrapped in a thick-walled parasitophorous vacuole, adjusted accordingly 
to its size. Electron microscopy showed the stratified arrangement of the vacuolar 
wall, which in some areas consists of three tightly glued membrane units. It has 
also been possible to visualize dense, conical structures that protrude through the 
vacuolar wall and that seem to act as a connecting element between the surface 
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of the parasite and that of the membrane of the parasitophorous vacuole. Unlike 
parasitophorous vacuoles developed by tachyzoites, those formed in cat intestinal 
cells are not characterized by the presence of a parietal tubular structure and are not 
surrounded by mitochondria or the rough endoplasmic reticulum of the host cell. 
These structural differences correlate with the absence of most proteins that form 
dense granules. The thick and layered structure of the wall of the parasitophorous 
vacuole is similar to that observed in certain species of Isospora to which T. gondii is 
related, being totally different from the single-membrane unit found in the genus 
Eimeria (Weiss and Kim 2004). 


Asexual Cycle 


During coccidian development, only one process of asexual division can be 
observed—designated as endopolygeny (internal budding)—which has unique struc- 
tural aspects. 

The mentioned process involves the growth of the parasite and the repeated nu- 
clear division, with the formation of an eccentric intranuclear spindle, similar to the 
one described in endodyogeny. In addition, an increase in the size of mitochondria 
(which are located mainly at the periphery of the parasite) and the multiple presence 
of apicoplasts (delimited by four membranes and located centrally) were also ob- 
served. The number of nuclear divisions varies depending on the parasite, having 
direct effects on the number of resulting daughter cells. The presence of this prolif- 
erative phase, before the formation of daughter cells, differentiates endopolygeny 
from endodyogeny. It is not known how to control the number of nuclear divisions 
but, given that there are marked variations between the parasitic elements, it does 
not seem to be conditioned by the size of the parasite or a predefined number of 
divisions (Weiss and Kim 2004). 

The element that triggers the completion of the proliferation phase and that 
initiates the differentiation phase (daughter cell formation) is not yet known. The 
formation of daughter cells can occur at any time, during or immediately after the 
final nuclear division. The first evidence of the initiation of daughter-cell formation 
is the appearance of a conical structure consisting of several flattened vesicles, each 
with subadjacent longitudinal microtubules, and possessing a conoid at the apex 
(Toulah et al. 2011). 

The mechanism of daughter-cell development is similar to that observed in 
the endodyogeny of tachyzoites or bradyzoites (Lachenmaier et al. 2011). Due to 
the fact that it occurs in several nucleolar directions, the term endopolygeny is 
more appropriate. The simultaneous formation of several daughter cells requires 
an extremely well-coordinated process of assigning the entire organ equipment to 
maintain viability. The final stage of development is represented by the invagination 
of the stem cell plasmalemma, starting from the apical extremity of the daughter cells 
and progressing posteriorly, the result being the formation of the outer membrane of 
the film belonging to each daughter cell (Lachenmaier et al. 2011). Often, merozoites 
remain attached to the posterior extremity by a small amount of residual cytoplasm. 
These daughter cells are banana shaped and can form fan-shaped structures. Mero- 


12 


zoites are released from the host cell into the intestinal lumen, where they can invade 
enterocytes (Weiss and Kim 2004). 

Unlike many species of Eimeria, in T. gondii there do not appear to be several 
distinct generations of schizogony, which differ in size and the number of daughter 
cells formed. However, studies targeting early stages of infection (first 1-3 days) 
have identified additional asexual processes (Speer and Dubey 2005). It has been 
reported that some developing parasites have a similar host-parasite relationship 
and develop endodyogeny and repeated endodyogeny (type B schizonts), and others 
appear to be an intermediate category (type C schizonts). Type B schizonts have 
similarities to parasitic elements that invade the small intestine of intermediate hosts. 
These stages are rare and may be an example in which invasive bradyzoites fail to 
convert to coccidian development and turn into tachyzoites, similar to the situation 
observed in intermediate hosts (Toulah et al. 2011). It is also known that the cat can 
be both a definitive and an intermediate host for T. gondii. 


Sexual Cycle 


After an unknown number of asexual cycles, certain merozoites enter entero- 
cytes and transform into male (microgametocytes) and female (macrogametocytes) 
gametocytes. In the case of microgametogony, several microgametes are formed 
(15-30), and macrogametogeny results in the formation of a single female gamete 
(macrogamete). The trigger for the transition from asexual to sexual development is 
unknown, just as the factor responsible for the transformation of invasive merozoites 
into micro- or macrogametocytes has not been identified (Boyle and Radke 2009). 

The onset of gametocyte formation in T. gondii appears to be a less controlled 
process than in other Coccidia species. In most Eimeria, a fixed number of asexual 
cycles was identified, followed by the simultaneous entry of most merozoites into the 
sexual cycle. In contrast, in T. gondii, itis not possible to speak of a distinct conversion, 
as a mixture of asexual and sexual stages is signaled during enteric development. 
In this species, there are no ultrastructural elements to differentiate merozoites that 
will transform into sexual stages, nor differences in the host-parasite relationship or 
between parasitophorous vacuoles (Toulah et al. 2011). 

Upon entering the host cell, the merozoite becomes more spherical, losing most 
of its apical organs (densities and dense granules), retaining the conoid and a few 
micronemes. This stage (trophozoite) begins to grow, and the mitochondria arranged 
at its periphery also increase in size. However, at this time, it is impossible to say 
whether the microorganism will turn into a macrogametocyte or into microgameto- 
cytes (Weiss and Kim 2004). 


Microgametogony 


Currently, there are only a few descriptions of microgametogony (Dubey and 
Lappin 1998). Initially, differentiation between endogenous proliferative phase and 
microgametogony is impossible, as both processes involve continuous growth and 
repeated nuclear divisions. The earliest distinction between the two types of multi- 
plication is based on the differences in the distribution of nuclear chromatin. During 
schizogony, electron-dense heterochromatin remains dispersed in the nucleus, while 
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in the late stages of microgametogony, it condenses into electron-dense masses at 
the periphery of the nucleus. In the case of microgametogony, the nuclei move to 
the periphery of the cell; between them and the plasmalemma, two centrioles and 
a dense plate are arranged. The centrioles will become the basal bodies of future 
flagella, which begin to grow by protruding into the parasitophorous vacuole. Al- 
though the centrioles differ from those of the metazoans, the flagella have the typical 
structure with nine pairs of tubules, in the center of which are two microtubules. As 
the growth of flagella progresses, chromatin continues to condense in the nuclear 
area closest to the centrioles, with the other portion of the nucleus acquiring a more 
electron-transparent appearance. In addition, the mitochondria will be arranged 
in the vicinity of the nucleus. No significant changes in the apicoplast can be iden- 
tified during the whole process described. The development of the microgamete 
continues with the protrusion of a portion of the cytoplasm (containing the basal 
bodies, the electron-dense area of the nucleus and the mitochondria) into the lu- 
men of the parasitophorous vacuole. Along with this process, the nuclear division 
takes place by separating the electron-dense zone from the electron-transparent one. 
The electron-dense portion will form part of the microgamete in formation, and 
the electron-transparent portion will remain in the stem cell as a residual nucleus. 
Microgametocytes of T. gondii produce a relatively small number of microgametes 
(15-30). Their immature forms remain attached to the stem cell through a narrow 
cytoplasmic isthmus (Weiss and Kim 2004). 

The maturation continues, each microgamete acquiring an elongated appearance 
and having in its structure an electron-dense nucleus and mitochondria arranged 
between it and the basal bodies from which the two long flagella start, with posterior 
orientation. In addition, an electron-dense apical plate and four longitudinally 
arranged microtubules can be observed. After completing their formation process, 
the microgametes detach from the microgametocyte, leaving behind a large residual 
cytoplasmic body (Weiss and Kim 2004). 


Macrogametogony 


The development of a macrogamete is associated with the growth of the tropho- 
zoite and the appearance of a large nucleus, with chromatin dispersed in its mass 
and with a large nucleolus. The formation of the macrogamete is not accompanied 
by nuclear division. As the macrogametocyte enlarges, a marked increase in pe- 
ripherally arranged mitochondria and centrally located apicoplast can be observed. 
Several Golgi bodies distributed in the cytoplasm can also be visualized. The first 
distinct organ, specific to macrogametogony, is in the form of a flocculent material, 
condensed in the dilated portion of the rough endoplasmic reticulum. This material 
represents the beginning phase of the formation of the wall-forming body type 2 
(WFB2—wall-forming body type 2), a formation that received this name due to 
its role in forming the wall of oocysts. Golgi bodies are often associated with the 
endoplasmic reticulum membrane that covers WFB2 (Boyle and Radke 2009). 

The number of WFB2 increases as maturation continues, while a large number of 
electron-dense membrane-binding granules derived from vesicles produced by Golgi 
bodies are also observed. These granules have various sizes and have been desig- 
nated as type 1 wall-forming bodies (WFB1). The use of immunoelectron microscopy 
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allowed the identification of two populations of electron-dense membrane-binding 
granules. One of these populations is involved in the formation of the outer shell, 
which is why it has been designated as a shell-forming body (VFB). Although initially, 
these granules were named wall-forming bodies of type 1, with the discovery of sim- 
ilar formations in macrogametocytes of the species Eimeria maxima, it was considered 
that the term shell-forming bodies is more appropriate (Weiss and Kim 2004). The 
type 1 wall-forming bodies are slightly larger than the shell-forming bodies. As the 
synthesis of the wall and coating bodies occurs, the formation of large numbers of 
polysaccharide granules and lipid droplets takes place, as well as the increase in 
size of the apicoplast. The macrogametocyte that has completed its development is 
considered a macrogamete. This is not a proper criterion of differentiation, but rather 
one of convenience for distinguishing the stages in development from the mature 
gamete (Weiss and Kim 2004). 


Oocyst Formation 


The wall of the T. gondii oocyst is a multilayered structure which is extremely 
resistant to physical and chemical factors. Due to these properties, the wall is 
essential to the survival of the parasite. Without its wall, the parasite cannot preserve 
its viability, in the external environment, for long periods. 

The wall of the oocyst is a complex structure, consisting of several distinct layers 
synthesized while the macrogamete is still in the host cell. The first layer is called 
the outer shell and consists of 2-3 membranes—or layers 1-3 (Weiss and Kim 2004). 
These result from the release of the contents of the shell-forming bodies, after their 
fusion with the macrogamete plasmalemma (Ferguson 2009). This occurs during the 
maturation of the macrogamete and is followed by the simultaneous activation of 
the secretion of wall-forming bodies of type 1 in the mature macrogamete, with the 
formation of the outer layer of the oocyst—or layer 4 (Weiss and Kim 2004). This layer 
initially has a large thickness, and then, via polymerization, acquires the final electron- 
dense shape and a thickness of 30-70 nm. In the end, the wall-forming bodies of type 
2 release their contents which, by fusion, will form the internal electron-transparent 
layer of the oocyst—or layer 5 (Weiss and Kim 2004). The cytoplasm loses its WFBs 
during the formation of the oocystic wall and will contain an electron-transparent 
central nucleus, polysaccharide granules and lipid droplets (Figure 1). 

The correct formation and assembly of the oocystic wall is performed only under 
the conditions of adequate control and sequential secretion of the shell-forming 
bodies and the wall-forming bodies of type 1 and 2. The data currently available 
for coccidia are much more accurate. Consider that the outer shell is a specific 
component of early development and that it is lost with the elimination of oocysts 
in the feces. Thus, the oocysts are covered by a bilayer wall. The electron-dense 
outer layer is thinner in T. gondii oocysts (Figure 1) than in those of Eimeria spp. The 
formation and polymerization of the inner layer has marked negative effects on the 
possibility of examining the oocyst ultrastructure. To date, no technique has been 
developed to examine oocysts of T. gondii or other coccidia by electron microscopy. 
In the last 30 years, regardless of the type of fixation or embedding applied, all such 
attempts have failed (Weiss and Kim 2004). 
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Figure 1. The process of sporoblasts formation. (Ce, centriole; ER, endoplasmic 
reticulum; G, Golgi body; L, lipids; MI, mitochondrion; MP, micropore; N, nu- 
cleus; NP, nuclear pole; Nu, nucleolus; OW, oocyst wall; PG, polysaccharide; V, 
vacuole). (A). Primary sporoblast; (B). Formation of four nuclei; (C). Cytokinesis; 
(D). Secondary sporoblasts. Source: Reprinted from (Weiss and Kim 2004), used 


with permission. 


The two layers have different roles. The outer layer, which consists mainly 
of proteins and carbohydrates, guarantees structural strength, and the inner layer, 
composed mainly of lipids, provides chemical protection by impermeability (even 
against reagents used in preparations for electro-microscopic examination) (Weiss 
and Kim 2004). 


Fecundation 


Sexual development is preceded by the fusion of the microgamete with the 
macrogamete, resulting in a fertilized zygote. However, this process has not been 
witnessed thus far. However, mature microgametes and macrogametes can be con- 
sidered to be released from host cells, with fertilization taking place in the intestinal 
lumen. This is confirmed by the rare occasions when macrogametes with attached 
microgametes have been observed. However, the formation of the oocyst wall begins 
before the macrogamete is released from the host cell. Another peculiarity observed 
in T. gondii is the development of a small number of microgametes, these being 
relatively few in relation to the number of macrogametes (Weiss and Kim 2004). 

Fertilization in T. gondii was demonstrated by the identification of cross-fertilized 
parasites. T. gondii is haploid, and the way in which this trait influences the need for 
fertilization features in a wide range of discussions. 
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Extracellular Sporulation of the Oocysts 


Oocyst is the only stage of T. gondii that is able to grow extracellularly—all 
other processes take place strictly in viable nucleated cells. The oocyst released from 
the host cell is unsporulated. It consists of a single undifferentiated cytoplasmic 
mass—the primary sporoblast. In the external environment, asexual development 
(sporulation) takes place, which results in the formation of two sporocysts. Each 
sporocyst contains four sporozoites. Initial attempts to observe this process were 
doomed to failure due to the impossibility of preparing oocysts for ultrastructural 
examination. 

It was then found that examination becomes possible by freezing and cryosec- 
tion of the oocysts before processing for electron microscopy (Weiss and Kim 2004). 
The purpose of this method is to section the oocystic wall without destroying the 
cytoplasmic mass contained in it. The technique proved to be partially inefficient 
because it resulted in the high destruction of oocysts. However, some of them re- 
mained intact and were used to examine the ultrastructural changes that accompany 
sporulation. Due to these difficulties, the experiments were limited to Eimeria brunetti, 
as a model for the genus Eimeria, and T. gondii. 

The central cytoplasmic mass, called the primary sporoblast, appears to be simi- 
lar to that of the macrogamete. The cytoplasm contains a single large nucleus and a 
series of polysaccharide granules and droplets of lipids arranged around mitochon- 
dria and the rough endoplasmic reticulum, being circumscribed by a membrane. The 
T. gondii nucleus undergoes two cycles of division, with the formation of four nuclei. 
Then, the cytoplasm elongates and will be surrounded by two other membranes. 
This process is followed by the division of the cytoplasmic mass, with the formation 
in the central area of the invagination of the limiting membranes. Through fusion, 
these will segment the primary sporoblast into two secondary sporoblasts containing 
two nuclei each (Figure 2a). Secondary sporoblasts will develop and become more 
elongated, turning into sporocysts (Weiss and Kim 2004) (Figure 2a). The wall of 
T. gondii sporocysts consists of a material secreted by the cytoplasm, which condenses 
on one of the limiting membranes. A structure is formed which consists of four 
plates joined by specialized junctions that cover a thin layer of electron-dense mate- 
rial. This wall is provided with several striations assimilated to repetitive organized 
protein units that probably provide structural strength and protection in relation to 
environmental factors (Boyle and Radke 2009). The nuclei can be visualized at both 
ends of the developing sporocyst, most of the cytoplasm being occupied by polysac- 
charide granules and lipid droplets. It has been observed that the primary forms of 
daughter cells form adjacent to the plasmalemma, above each nucleus. The process 
of daughter-cell formation is similar to that described in endodyogeny, with nuclear 
division occurring during the posterior growth of the inner membrane complex of 
each cell. Two daughter cells will form at both ends of the sporocyst (Figure 2b). The 
inner membrane will develop until the daughter cells are fully formed, enveloping 
the nucleus, apicoplasts, mitochondria and apical organs (micronemes, rhoptries and 
dense granules) (Weiss and Kim 2004). 

The constitution of daughter cells adjacent to the plasmalemma differs from 
the process of internal formation associated with endodyogeny and endopolygeny. 
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In this particular situation, it is observed that an invagination of the plasmalemma 
takes place with the development of the internal membrane complex in order to 
form the sporozoite film, similar to the classical schizogony. This will result in the 
formation of four daughter cells. A small residual cytoplasmic mass will remain in 
each sporocyst (Figure 2b) (Weiss and Kim 2004). 


Figure 2. (a) A. Developing sporocyst; B. and C. Formation of the anlagen of two 


daughters at either end of the sporocyst; D. Formation of the sporozoites; (C-conoid; 
ER-endoplasmic reticulum; G-Golgi body; L-lipids; MI-mitochondrion; MN- 
microneme; MP-micropore; N-nucleus; NP-nuclear pole; P-the membrane of the 
future daughter cell; PL-pellicle; PG-polysaccharide; R-rhoptry; RB-cytoplasmic 
residual body; SW-sporocyst wall; V-vacuole); (b) D. and E. Formation of sporocyst 
wall resulting in four plates (arrows); N-nucleus formation and the raised junctions. 
Source: Reprinted from (Weiss and Kim 2004), used with permission. 


Excystation 


Only a few studies have focused on the ultrastructural characterization of the 
excystation process (Weiss and Kim 2004). Some experiments resorted to mechanical 
destruction of the oocyst wall, but there is evidence that excystation also occurs in the 
absence of mechanical factors. Detection can be stimulated by incubation in a mixture 
of trypsin and bile salts (sodium bullfighting). This combination causes the tension 
of the wall, which results in invagination of the edges of the plates at the junction 
lines (Figure 3a,b). Corresponding to the junctions, a separation of the inner face of 
the inner layer of the oocystic wall can be observed, which initially remains attached 
to the outer edges. This connection will be lost, causing the outer membrane of the 
eye wall to rupture. The plates will separate rapidly and form a roll-like structure, 
allowing the release of sporozoites (Weiss and Kim 2004) (Figure 3c). 
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(a) Unsporulated oocyst (b) Sporulated oocyst (c) Excystation 


Figure 3. T. gondii oocysts in an unstained wet mount, viewed with differential 
interference contrast (DIC) microscopy; (a) Unsporulated oocyst of T. gondii; (b) 
Toxoplasma gondii sporulated oocyst; (c) Excystation—separation of the sporocyst 
wall (arrow). A-B Infolding of the sporocyst wall's plates along the suture lines (ar- 
rows); SP-sporozoites; MN-microneme; PG-polysaccharide; C-conoid; N-nucleus. 
Source: Reprinted from (Weiss and Kim 2004), used with permission. 


3.2. Microstructure of the Development Stage of Toxoplasma gondii 
3.2.1. Microstructure of Invasive Stages 


Tachyzoites Microstructure 


In T. gondii, four invasive forms can be identified: tachyzoites, bradyzoites, 
merozoites and sporozoites. Tachyzoites represent the most studied stage of the 
T. gondii cycle because they can be easily obtained in large numbers both in vitro and 
in vivo (Toulah et al. 2011). This invasive stage is crescent shaped (approximately 
2 x 7 um), with the anterior extremity slightly sharper (the anterior extremity can 
be identified depending on the direction of travel) (Figure 4). Tachyzoites consist 
of a single skeleton (consisting of subpellicular microtubules and conoid), secretory 
organs (rhoptries, micronemes, dense granules), organs derived by endosymbiosis 
(mitochondria, apicoplasts), particular organs of eukaryotes (nucleus, endoplasmic 
reticulum, Golgi apparatus, ribosomes) and specific structures (acidocalcisomes), all 
circumscribed by a complex membrane structure known as pellicle (Dubremetz and 
Ferguson 2009). 
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Ultrastructure of a Toxoplasma gondii tachyzoite 


Figure 4. Cellular elements of tachyzoites (ultrastructure of a Toxoplasma gondii 
tachyzoite). Source: Authors' compilation based on data from Expert Reviews in 
Molecular Medicine, 2001, Cambridge University Press. Available online: https: 
/ / www.medicinus.net/toxoplasmose/?langzen (accessed on 13 June 2020). 


The cytoskeleton consists of: 


1. Two apical rings located below the plasma membrane of the apical extremity of 
the parasite. These two rings are formed of a narrow band of electron-dense 
material. 

2. The conoid has the appearance of a truncated and hollow cone formed of 
spirally wound tubulin fibers. 

3. Two polar support rings surrounding the tip of the conoid. The outer ring is 
made of dense material. The lower ring is made of a material that anchors the 
subpellicular microtubules. 

4. A pair of adjacent intraconoidal microtubules extending over an extremely 
short length (less than 1 um) into the apical cytoplasm (Weiss and Kim 2004). 


They have a distinct membrane complex that envelops the infectious stages 
(Craver et al. 2010). It consists of a superficial (outer) membrane unit—the plas- 
malemma that completely covers the microorganism—and an inner layer of two 
tightly bonded membrane units arranged at a fixed distance (approximately 15 nm) 
from the plasmalemma. The internal membrane complex (IMC) consists of fused 
plates that are formed by flat vesicles, derived from the endoplasmic reticulum-Golgi 
apparatus system. The inner layer is interrupted by circular pores at the anterior 
end (outer polar ring), where the conoid protrudes, and at the posterior extremity. 
Both sides of the inner membrane complex have their protoplasmic faces covered 
by intramembrane particles (IMPs); 22 lines with high density, corresponding to 
the subcellular microtubules. IMPs are arranged at a distance of about 30 nm. The 
organization of IMP in the apical plate is extremely different from that observed for 
the other plates, which suggests that the apical region is characterized by a distinct 
molecular structure (Ferreira-da-Silva et al. 2009). 
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The pellicle has micropores located in the apical half of the cell, usually anterior 
to the nucleus. A micropore consists of a circular invagination of the plasmalemma 
(approximately 150 nm in diameter), which passes through the inner membrane 
complex. The latter folds and forms an electron-dense sleeve around the invagination. 
It is believed that these structures have a role in the uptake of substances (Weiss and 
Kim 2004). 

In T. gondii, three distinct types of secretory organs have been identified (which 
secrete specific proteins), the number and shape of which vary according to the 
invasive stage (Weiss and Kim 2004). The first type—micronemes—is in the form 
of small sticks (250 x 50 nm) and is located mainly in the apical region, behind 
the conoid. Micronemes are characterized by homogeneous electron-density. The 
second category is represented by the rhoptries, which are organized as a group 
of elongated, clover-shaped organs, and which are arranged between the conoid 
and the nucleus. The rhoptries have a narrow, long neck (up to 2.5 um long) and a 
bag-like body, measuring 0.25 x 1 um, located in the posterior area. Their content 
is electron dense, except for the widened portion which, depending on the stage, 
may be electron dense or labyrinthine. The third type of organelle, dense granules, is 
found throughout the parasite’s cell and in greater numbers in the posterior region. 
Dense granules are spherical structures with a diameter of 0.3 um and electron-dense 
content (Dubremetz and Ferguson 2009). 

The nucleus occupies the central or basal area of the cell, depending on the 
invasive stage. It is usually flattened in the upper area, where the Golgi device is 
located. It contains a central nucleolus and small agglomerations of electron-dense 
heterochromatin scattered throughout the nucleoplasm. The nuclear membrane is 
provided with a large number of nuclear pores, and its outer face is covered with 
ribosomes (except for the upper part, where the Golgi apparatus is located). The 
nuclear membrane is found in the continuity of the rough endoplasmic reticulum, 
which extends into the cytoplasm of tachyzoites (Boyle and Radke 2009). 

A layer of clear vesicles 70 um in diameter can be seen over the upper part of the 
nucleus, some appearing to sprout from the nuclear membrane. This layer is covered 
by three or four flat Golgi cisterns which, in turn, have the upper area covered with 
vesicles with various contents and sizes. 

The use of a specific processing technique has made it possible to identify, in 
the posterior portion of the tachyzoites or in the vicinity of the nucleus, one or two 
vesicles of about 200 nm, containing one or more droplets or crystals of different 
sizes. These vesicles have been called acidocalcisomes, and their black content is 
considered to be calcium bound to pyrophosphate or polyphosphates (Weiss and 
Kim 2004). 

The profile of several mitochondria with a width of 0.5 um and varying length 
can be observed in different locations, usually above and below the nucleus. This 
profile represents a section through an unbranched and elongated mitochondrion. 
Mitochondria are characterized by a typical structure for the Apicomplexa branch, 
with crystals in the form of bulbs. 

Above the Golgi apparatus are the apicoplasts. These organelles, limited by 
multiple membranes, have been identified since the 1960s, but only recently have 
they been shown to be typical plastids (Weiss and Kim 2004). Because they appear to 
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be a specific feature of the Apicomplexa phylum, with the exception of Cryptosporidium 
spp., the term “apicoplasts” has been proposed and adopted. These organelles have 
a relatively constant shape, which is almost unaffected by the infectious stage; a 
diameter of about 500 nm, covered by four membranes; and contain a granular and 
filamentous material in which ribosomes can be observed. The origin of the four 
membranes that surround the apicoplasts is still under discussion. 


Difference between the Invasive Stages 


The infectious stages represented by tachyzoites, bradyzoites, merozoites and 
sporozoites show differences in the number of apical organs, the shape and electron- 
density of the rhoptries, the intracellular location of the nucleus and the presence or 
absence of polysaccharide granules. In tachyzoites and merozoites, the nucleus has a 
central position, and in bradyzoites (Figure 5) and sporozoites it is placed basally 
(Ferreira-da-Silva et al. 2009). 

An additional structure is the polysaccharide granule. Polysaccharide granules 
are oval structures (250-180 nm), with variable electron density, located in the apical 
and basal cytoplasm of the parasite. They contain an unusual form of carbohydrates 
that, biochemically, are more similar to plant amylopectin than animal glycogen 
(Weiss and Kim 2004). These granules are present in small numbers in tachyzoites 
and merozoites and very well represented in bradyzoites and sporozoites. It is 
considered that polysaccharide granules would have the role of storage and energy 
source necessary for bradyzoites and sporozoites during the passage between hosts 
(Dubremetz and Ferguson 2009). The most marked difference between the infectious 
stages refers to the apical organs, these differences being marked in Table 3 (Weiss 
and Kim 2004). 


Figure 5. Parasitic stages of Toxoplasma gondii: (a) Tissue cyst: CW, cyst wall; 


Br, bradyzoites; AG, amylopectin; (b) Bradyzoite structure: Rh, rhoptry; MI, mi- 
cronemes; N, nucleus; AG, amylopectin; (c) Tachyzoite structure: few amylopectin; 
DG, dense granules; M, mitochondrion; N, nucleus; PV, parasitophorous vacuole. 
Source: Reprinted from (Weiss and Kim 2004), used with permission. 
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Table 3. Morphological differences between stages of Toxoplasma gondii. 


The 


Parasitic Nucleus Micronemes Now! : Aspect Dense Polysaccanges 
Rhoptries Granules Granules 

Stage 

Tachyzoites Central Few 5-12 Labyrithine Numerouse Few 

Bradyzoites Basal Numerouse 5-10 Compact Numerouse  Numerouse 

Merozoytes Central Few 3-5 Compact Few Absent 

Sporozoytes Basal Numerouse 5-10 Labyrithine ^ Numerouse Numerouse 


Source: Authors' compilation based on data from (Weiss and Kim 2004), used with permission. 


3.2.2. Morphology and Biology of Tissue Cysts and Bradyzoites 


Tachyzoites (tachos = fast) denote the rapidly growing stage of T. gondii, also 
known as endozoytes or trophozoites. Bradyzoites (brady - slow, slow), also called 
cystozoites, represent the stage of the parasite located in tissue cysts and are con- 
sidered to be a slow-replicating form. Both forms replicate inside the parasitophore 
vacuoles included in the host cells, structures that then differentiate, depending on 
the stage of development, into specific vacuoles for tachyzoites (pseudocysts) or for 
bradyzoites (tissue cysts) (Craver et al. 2010). Tissue cysts are intracellular structures 
within which bradyzoites divide by endodiogeny (a replicative mechanism identical 
to that identified for tachyzoites) (Boyle and Radke 2009). 

Bradyzoids in mature cysts can enter into the atency stage of the cell cycle, 
becoming essentially differentiated, non-replicating organisms with DNA content 
(Zintl et al. 2009). Meanwhile, in mature cysts, occasionally degenerated bradyzoites 
can be observed. In mature bradyzoites, the absence of segregation and loss of 
apicoplasts has also been reported in vitro (Dubremetz and Ferguson 2009). 

The size of the cysts varies depending on their age, the type of host cell, the 
T. gondii line and the cytological method applied for measurement (Craver et al. 
2010). Thus, for mature cysts located in the brain, a spherical shape and a diameter 
of 50-70 um were reported. They contain about 1000 crescent-shaped bradyzoites 
with dimensions of 7 x 1.5 uum (Zintl et al. 2009). Cysts located in the muscles have 
an elongated shape, reaching 100 um in length (Weiss and Kim 2004). 

Immature and old cysts can be easily identified based on ultrastructural char- 
acteristics (Craver et al. 2010). The structure of tissue cysts remains relatively un- 
changed in the observation period from 3 months to 24 months after infection (ap- 
proximately the average lifespan of host mice). The first important observation is 
that during this period, the cyst is maintained in a viable host cell (Zintl et al. 2009). 
Mature cystic formations were initially thought to be extracellular, but ultrastruc- 
tural examination, performed on fine sections through the cytoplasm of host cells, 
demonstrated the opposite (Weiss and Kim 2004). Masking of tissue cysts by host 
cells could be an explanation for the lack of immune response to them. Although 
cysts can develop in any parenchymal organ (e.g., lung, liver, kidney), it has been 
observed that they are located primarily in neural tissue (e.g., in the brain and/or 
eye nerves) or muscle (e.g., in skeletal and/or cardiac muscle). Due to the fact that 
the host cells retain only a small amount of cytoplasm, it becomes difficult to specify 
their belonging to a certain cell type (Boyle and Radke 2009). 
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The wall of the tissue cyst or bradyzoite’s parasitophorous vacuole is elastic, 
thin (<0.5 um thick), weak PAS-positive and silvery (this feature depends on the 
staining method applied). On phase contrast microscopy, the wall appears phase 
bright. Vacuoles frequently contain an odd number of clover-shaped organisms 
(asynchronous division) (Craver et al. 2010). 

Bradyzoites differ ultrastructural from tachyzoites in that they have a posteri- 
orly located nucleus and possess solid, often loop-shaped, numerous micronemes 
and polysaccharide (amylopectin) granules (Zintl et al. 2009). Lipid bodies are ab- 
sent in bradyzoites but are numerous in sporozoites and occasionally observed in 
tachyzoites. The content of mature bradyzoites is electron dense, in contrast with the 
labyrinthine ruptures reported in tachyzoites and immature bradyzoites. Bradyzoites 
are PAS positive (they turn red), and tachyzoites are PAS negative (Ferreira-da-Silva 
et al. 2009). 

Bradyzoites are generally thinner than tachyzoites and more resistant than these 
to treatment with pepsin and acid (they survive 1-2 h in the mixture of pepsin with 
HCI, compared to 10 min as tachyzoites resist) (Dubremetz and Ferguson 2009). 

The formation of the wall and the matrix of tissue cysts represent early elements 
of the differentiation process in bradyzoites (Craver et al. 2010). One of the most 
important functions of the cystic wall and matrix is to protect bradyzoites from inad- 
equate environmental conditions, such as dehydration. In addition, these structures 
represent a real physical barrier for the host’s immune system, much of this function 
being provided by carbohydrates in the parietal structure (Weiss and Kim 2004). 

The cyst wall is actually a change in the membrane of the parasitophorous vac- 
uole formed by the parasite inside the host cell—in other words, the tissue cysts are 
located intracellularly. The membrane of the parasitophorous vacuole has a wrinkled 
appearance on electron microscopy and appears to be associated with the precipitated 
underlying material, thus forming the cystic wall (Boyle and Radke 2009). 


In Vitro Development of Bradyzoites and Tissue Cysts 


The in vitro development of tissue cysts was reported more than 40 years ago 
(Weiss and Kim 2004), but due to the similar morphology of bradyzoites and tachy- 
zoites on classical microscopy, the study of the differentiation process was very 
difficult until specific antibodies—anti-bradyzoites—were obtained. It has been ob- 
served that the formation of tissue cysts is characterized by a marked tissue tropism 
(Zintl et al. 2009). The two types of tissue in which the vast majority of tissue cysts 
have been observed are striated muscles, but also in the heart and the central nervous 
system. Variations can also be observed depending on the host species (Craver 
et al. 2010). In pigs, most tissue cysts are located in the muscles, and in mice, they 
are mostly located in the brain. This finding contradicts the observations made 
in vitro culture, a situation in which almost any cell type can be a host cell during 
endodiogenesis (Zintl et al. 2009). 

Stage conversion was examined in detail, with mice as animal models (Ferreira- 
da-Silva et al. 2009). At 12-15 days after the oral infection, the brain lesions were 
visualized, indicating the presence of parasites that turned into tachyzoites and those 
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that formed early tissue cysts (Figure 6a,b). It has been found that only a small 
number of tachyzoites perform the conversion (Boyle and Radke 2009). 


' (b) 


Figure 6. (a) Invitro developed tissue cyst. Source: Reprinted from 
(Weiss and Kim 2004), used with permission; (b) The protozoan Tox- 
oplasma gondii, tissue cyst in brain. Source: Authors’ compilation 
based on data from D. Ferguson, Oxford University. Available on- 
line: https:/ /www.uchicagomedicine.org /forefront/biological-sciences-articles / 
what-does-it-mean-when-2-billion-people-share-their-brain-with-a-parasite (ac- 
cessed on 27 November 2019). 


However, the contribution of the host cell to the conversion of parasitic stages 
remained unexplained. Two teams of researchers (Weiss and Kim 2004) reported that 
exposure of extracellular tachyzoites to stress conditions (pH = 8.1) causes differenti- 
ation in bradyzoites. Changes in cultivation leading to bradyzoite formation relate 
to temperature (43 °C), pH (pH 6.6—6.8 or 8.0-8.2), exposure to various substances 
(sodium arsenite) and deprivation of certain nutrients (arginine). Changing the pH 
is one of the most common methods of inducing differentiation in bradyzoites in 
the laboratory. However, most differentiation-inducing agents exert their effects, to 
a greater or lesser extent, on the host cell, which is why it is very possible that the 
alterations induced in the host cell will have a considerable impact on the parasite. 
So, this may be an indirect mechanism of differentiation (Zintl et al. 2009). 

The interconversion of these two stages—bradyzoite 4 tachyzoite—is a fast 
and obligatory process for differentiation, which occurs at the moment or at a short 
interval after the invasion and the formation of the parasitophorous vacuole (Ferreira- 
da-Silva et al. 2009). Tissue cysts continue to grow over the next three weeks, with 
bradyzoites multiplying by endodiogenesis. Initially, in the process of prolifera- 
tion, a large number of parasitic elements are involved, and then the proportion 
of bradyzoites in division decreases in the first 28 days post-infection, and in the 
next three months, only very few are needed to divide. The tissue cyst enlarges in 
the early stages of development, invaginations deepen and the layer of amorphous 
material becomes clearer (Craver et al. 2010). Bradyzoites located in early tissue cysts 
have ultrastructural characteristics similar to tachyzoites, especially in terms of the 
labyrinthine appearance of rhoptries. This proves that, despite the typical structure 
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of tissue cyst and the expression of specific markers of bradyzoites, the change in 
ultrastructural characters occurs later. It usually takes 21-28 days for typical brady- 
zoites to be identified. In addition, many parasitic elements in division have a more 
electron-transparent cytoplasm with few organs (Dubremetz and Ferguson 2009). 


Cysts Breaking in Immunocompetent Hosts 


One of the clinical problems in immunocompromised hosts is the resurgence of 
infection with reverse conversion, which results in the formation of tachyzoites with 
the ability to multiply rapidly, accompanied by massive tissue destruction. To assess 
the status of immunocompetent hosts, the brain was examined in immunocompetent 
mice with chronic infection. It has been observed that a small percentage of tissue 
cysts are ruptured, regardless of the period elapsed from the time of infection. The 
first change is the death of the host cell. Exposure of the parasitic antigen in the 
cystic wall triggers a massive and rapid cellular immune response (accumulation of 
monocytes and even neutrophils) (Boyle and Radke 2009). 

Effector cells can be seen around the seemingly intact tissue cyst. The rupture 
of the cystic wall will allow the invasion of macrophages inside it. Macrophages 
will phagocytose bradyzoites, a process that involves their fusion with lysosomes 
(formation of phagolysosomes), with the destruction of parasitic elements. The de- 
scribed immune response results in small inflammatory lesions (microglial nodules), 
with some apoptosis of local cells, but with a low “price” for the host. Bradyzoites 
are destroyed before replicating or turning into tachyzoites (Ferreira-da-Silva et al. 
2009). These findings were confirmed by immunocytochemical analysis of lesions 
in immunocompetent individuals, processes that appear to be lacking in immuno- 
suppressed individuals, thus allowing infinite multiplication of tachyzoites and 
destruction of as many host cells (Weiss and Kim 2004). 


3.3. Cultivation of Toxoplasma gondii 


It has been often claimed that T. gondii is an easy-to-cultivate species, which is 
why it has become highly valued as a model for molecular study. However, it should 
be noted that normally, only tachyzoites and bradyzoites can grow in cell cultures 
(Zintl et al. 2009). More recently, in vitro activation of tissue cyst formation has been 
successful, but all attempts to reproduce the development of coccidian stages in 
laboratory conditions have failed. Oocysts can be obtained by feeding free cats with 
cysts from infected mice (Dárábus et al. 2006). 

T. gondii can be cultured in laboratory animals, chicken embryos and cell cultures 
(Zintl et al. 2009). Mice, hamsters, guinea pigs and rabbits are susceptible species. 
Mice are more commonly used because they are more receptive and do not become 
naturally infected when are raised in the laboratory, with commercially dried food, 
uncontaminated with cat feces (Cosoroabá 2005). 

The T. gondii protozoan can be grown and maintained in tissue cultures by 
passing twice a week on Vero cells (African green monkey kidney cells). According 
to other authors (Nerad and Daggett 1992), preputial fibroblasts are one of the cell 
lines that can serve as a host for Toxoplasma gondii. The cell line can be maintained 
in the culture medium composed of L-amino acids, vitamins and Earle salt (Nerad 
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and Daggett 1992). The culture medium can be supplemented with penicillin, strep- 
tomycin and fetal bovine serum. Toxoplasma gondii cannot be cultured on acellular 
media. 

Toxoplasma gondii, maintained both in vitro and in vivo, can be cryopreserved 
in liquid nitrogen for long-term preservation. Because the parasite is pathogenic 
to humans, the main issues to be considered are those related to operator safety. 
Tachyzoites can be obtained in mice or cell cultures according to the method described 
above (Daggett and Nerad 1992). 


3.3.1. In Vitro Development of Tachyzoites 


Regardless of the type of host cell, tachyzoites develop in vitro, following the 
principles described above (Section 3.1.1.2— Tachyzoites biogenesis). 

Tachyzoites of certain strains of T. gondii grow in the peritoneal cavity of mice, 
sometimes producing ascites, and develop in most other tissues after intraperitoneal 
inoculation with any of the three infectious stages of T. gondii. Virulent strains 
usually cause mice to become sick and sometimes die in 1-2 weeks. In experimental 
infections, cysts obtained from mice infected for at least three months are used (Zintl 
et al. 2009). 

Toxoplasma gondii tachyzoites can be multiplied on many cell lines. Although 
tissue cysts can develop in cell cultures of most strains of T. gondii, their number is 
smaller than in mouse infections (Weiss and Kim 2004). 


3.32. In Vitro Development of Bradyzoites 


The in vitro development of bradyzoites was first reported in the 1980s in astro- 
cytes (Weiss and Kim 2004), and the technique of inducing conversion at this stage 
was discovered in the 1990s. Unlike the situation reported in vivo, characterized by 
an obvious selection of the host cell type (neurons, muscle cells), virtually any cell 
type can play a host role for the development of tissue cysts in vitro. In some studies, 
the process of tissue cyst formation has been described according to the observations 
of in vivo evaluations, namely cystic formation from the moment the parasite enters 
the host cell (Craver et al. 2010). Other studies (Weiss and Kim 2004) suggest that, 
before the vacuole acquires the characteristics of a tissue cyst, a development similar 
to that observed in tachyzoites occurs. 

Tissue cysts are obtained by injecting tachyzoites, bradyzoites and oocysts into 
mice. To obtain these cysts from mice inoculated with virulent strains, it is necessary 
to administer an anti- T. gondii chemotherapeutic product to prevent death due to 
acute toxoplasmosis, before the formation of tissue cysts. For the treatment of acute 
toxoplasmosis in mice, sulfadiazine is used successfully. Cysts are visible in the 
brains of mice 8 weeks after infection (Zintl et al. 2009). 

Differentiation in the form of bradyzoite appears to be associated with slowing 
of the cell cycle. It is very likely that a series of signals will become suitable elements 
for inducing bradyzoite formation. The development of bradyzoites appears to be a 
differentiation response mediated by stress factors, leading to metabolic adaptation. 
What is certain is that, during differentiation, the whole set of genes specific to 
bradyzoites takes place. The products of these genes include enzymes with a role in 
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metabolism, surface antigens, secretory antigens (including rupture proteins) and 
cystic wall components (Dubremetz and Ferguson 2009). 

Investigations into the biology of bradyzoites and the differentiation of tachy- 
zoites into bradyzoites have been accelerated both due to the development of in vitro 
techniques for the production of bradyzoites and against the background of genetic 
tools available for the manipulation of T. gondii (Zintl et al. 2009). 

Studies on the mechanism by which the development of bradyzoites is triggered 
may serve to identify new therapeutic strategies for the control of toxoplasmosis. 
These benefits may ultimately result in the complete cure of the infection by eliminat- 
ing the latent cystic stages. In addition, genetic strategies that prevent the formation 
of tissue cysts may be useful for developing a vaccine line (Weiss and Kim 2004). 


3.4. Molecular Diversity of Toxoplasma gondii 


The first genotyping studies of T. gondii, published 15-20 years ago, concerned 
the description of a population structure of T. gondii divided on three main lines, 
designated according to virulence in relation to the murine animal model as type I, 
II and III (Frazao-Teixeira et al. 2011). The interpretation at that time of population 
structure and universal genetic diversity was distorted by the fact that it relied 
exclusively on the analysis of a limited number of strains and laboratory isolates, 
obtained mainly from humans and domestic animals in France and the United 
States. Consequently, several isolates proved to be different from these three main 
types and were found to usually originate in other geographical areas (Beck et al. 
2010). Subsequent studies performed on several isolates from different countries 
and multilocular genotyping have shown the existence of a much more complex 
population structure of T. gondii, which encompasses greater genetic diversity than 
was initially considered. It was observed that genotypes that could not be included 
in the three main types came mostly from other continents. Consistent with the data 
obtained, the view on the simplistic population structure of T. gondii was revised. All 
these advances in understanding the genetic diversity of T. gondii have been made 
possible by the development of genetic markers (Frazào-Teixeira et al. 2011). 

Multilocular typing methods, based entirely on the SAG2 locus and which 
did not allow the identification of atypical strains or those resulting from genetic 
recombination, have become completely useless. Multilocus microsatellite analysis 
has been appropriately correlated with genotypes identified by single-gene PCR- 
RFLP. Microsatellites are mainly useful for the analysis of population structure or for 
the individual identification of isolates (Beck et al. 2010). 


3.4.1. Population Structure on Toxoplasma gondii: The Three Main Lines 


Sequencing of numerous individual genetic regions confirmed the clonal nature 
of the three main lines of T. gondii that were originally described (Table 4). 

The rate of polymorphism over the entire genome between the three main lines 
was estimated to be approximately 0.65% (Frazào-Teixeira et al. 2011). These lines 
are characterized into type I, II and III SNP (single nucleotide polymorphism). Large 
chromosomal regions are dominated by one of three types of SNPs. The asymmetric 
distribution of types I, II and III of SNP shows that types I and III represent the 
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second, respectively, the first generation resulting from the crossing of the type II line 
with one or two ancestral lines (da Silva et al. 2011). 

The remarkable absence of diversity within each of these lines and the small 
divergence between them are clear evidence that the three clonal archetypes have 
emerged relatively recently as dominant lines. From the calculation of the rates of 
neutral mutations, it was found that they were detached from a common ancestor 
10,000 years ago (Beck et al. 2010). The fact that microsatellite loci are also character- 
ized by a low polymorphism between the three lines also supports the idea of recent 
detachment, at least on the continents where they predominate. 

One of the biological explanations for this clonal population structure is given 
by the infectivity of tissue cysts, which allows oral transmission to other intermediate 
hosts without the sexual cycle. It has been hypothesized that this property, unique 
among prey-predator cycle coccidia, occurred simultaneously with the recombina- 
tion that generated the three predominant clonal lines (Table 4) (Beck et al. 2010). 


Table 4. Biological and epidemiological characteristics of Toxoplasma gondii genotypes. 


Genotypes of Characteristics 
Toxoplasma gondii 


Type I -Solarely isolated. 
-Very virulent for mice (but not for rats): causes death in mice 
inoculated with less than 10 tachyzoites. 
-In cell cultures: high growth rate, but a low conversion rate of 
tachyzoites to bradyzoites. 
-Increased possibility of long-distance migration; crosses 
polarized membranes or extracellular matrix. 
-Increased penetration rate in own or submucosal lamina “ex 
vivo". 


Type II -The most frequently isolated type in Europe and North 
America. 
-Nervirulent for mice: causes chronic infection with persistent 
tissue cysts. 
-In cell cultures: low growth rate, but a high conversion rate of 
tachyzoites to bradyzoites. 


Type III -Less common than type II in Europe and North America. 
-Nevirulent for mice, although death in mice, accompanied by 
neurological signs, may occur a few weeks or months after 
inoculation. 


Recombinant, atypical or -Most frequently isolated outside Europe and North America 
exotic types (in South America, Africa, Asia). 
-Usually more virulent for mice than type II (death occurs 2-3 
weeks after inoculation), but variations in virulence and other 
biological properties reflect the difference in inherited genes. 


Source: Authors' compilation based on data from (by Maubon et al. 2008), used with permission. 


3.4.2. Strains Not Belonging to the Three Major Lines 


Since the application of multilocular genotyping over a wider geographical area 
and to a larger number of host types, strains that differ from the three major lines 
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have been described more and more frequently (Beck et al. 2010). The multilocular 
and multichromosomal genotyping of the strains mentioned by PCR-RFLP or mi- 
crosatellite markers showed that the vast majority of them have alleles of type I, II 
and III, identical to those identified in the major lines, but with different segregation 
in the analyzed loci. All these strains are considered the result of recombination of 
major lines (da Silva et al. 2011). These genotypes have been identified less frequently, 
suggesting a lower proliferation capacity, but the extension of the analysis outside 
Europe and North America may change this view. In fact, predominant haplogroups 
have already been described in these atypical genotypes, which may be associated 
with new clonal lines (Beck et al. 2010). From the above, it can be concluded that 
the population structure of T. gondii is governed by recombination that generates 
the rapid expansion of new clonal types. For example, the multilocular genotyping 
of 125 isolates from different regions of Brazil allowed the identification of 48 geno- 
types, and the phylogenetic network between them indicates a high recombination 
rate (Beck et al. 2010). Four of these genotypes have been detected in several areas 
(arranged at distances of 3000 km) and can be considered common clonal lines that 
have resulted from genetic exchanges and have spread successfully in Brazil. 

Combining, in phylogenetic analysis, the strains from Europe, North America 
and South America, Khan et al. 2007 (cited by Beck et al. 2010) differentiated 11 
haplogroups (haplotypes) which also include the three main lines (renamed hap- 
lotypes 1, 2 and 3) and other clonal groups in South America (haplotypes 8 and 
9) (Beck et al. 2010). These haplotypes are characterized by marked geographical 
segregation between South and North America. Some of these genotypes possess 
unique polymorphism for loci, a feature that has not been identified in the three main 
lines (da Silva et al. 2011). Phylogenetic analyses have ruled out the possibility of 
kinship with major lines. To emphasize the differences from the main lines, these 
strains have been called "atypical" (Beck et al. 2010). However, the cataloging of 
an isolate may be partially real because it depends on the number of markers used 
in genotyping and their ability to distinguish. All these names and classifications 
are provisional, expecting a more adequate definition of the population structure in 
Toxoplasma. The most divergent strains were isolated from severe cases of human 
toxoplasmosis reported in the Amazon rainforest of French Guiana—unique multiple 
polymorphisms have been reported, and microsatellite multilocular sequencing has 
shown that each strain has a unique multilocular genotype. 

The naturally occurring strains are not only extremely divergent, but are also 
characterized by great genetic diversity. Frequent genetic changes, with the formation 
of a wide range of recombination, seem to be more characteristic of T. gondii isolates in 
areas where animal husbandry is recent and extensive, with recent domestication of 
cats (Frazao-Teixeira et al. 2011). Examples include T. gondii isolates from the Amazon 
and those from wildlife (bears, deer) in Canada. In Europe and other parts of North 
America (other than Canada), the development of the domestic and peridomestic 
cycle (between cats, rodents, birds and farm animals) has accentuated the possibility 
of clonal expansion and had negative effects on genetic diversity. The estimated time 
for the expansion of the three main clonal types coincides with the beginning of cat 
farming and domestication in Southwest Asia and the Middle East (Beck et al. 2010). 
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3.4.3. Geographical Distribution of Toxoplasma gondii Genotypes 


Over 95% of isolates originating in North America and Europe belong to the 
three main lines, but their distribution is not uniform (Frazao-Teixeira et al. 2011). 
In France, more than 600 isolates belonging almost exclusively to type II have been 
sequenced. This type is responsible for more than 90% of cases of congenital toxoplas- 
mosis in humans and corresponds to all isolates identified in a wide range of animals. 
Type II is also predominant in Germany and Poland. The predominance of type II has 
been confirmed by extensive seroepidemiologic studies in several other European 
countries. In Spain, type I, determined by monolocular typing, was described more 
frequently in cats (26%). Preliminary studies show that type III may be more common 
in Portugal. Although the number of isolates analyzed by multilocular genotyping is 
still low, the population structure of T. gondii seems to be homogeneous in Europe, 
the non-clonal forms being the exception (Beck et al. 2010). 

The preponderance of main lines (especially type II) has also been reported for 
North America. Recently, a wide variety of non-clonal isolates have been discovered 
in wild and domestic animals. The more recent introduction of cat farming and 
domestication on the North American continent could be an explanation for the 
greater diversity of strains compared to Europe. Clonal types I, II and III are rare in 
Central and South America, being replaced by various haplotypes, some of which 
are considered clonal. The increased diversity observed in South America is even 
more noticeable in the Amazon. The divergence between South and North America 
is a controversial topic. Lehmann et al. (2006) (cited by Beck et al. 2010) hypothesized 
that South American strains are older than North American ones. Contrary to this 
view, Sibley and Ajioka (2008) (cited by Beck et al. 2010) state that T. gondii arrived in 
South America with cats that migrated from the northern continent and became geo- 
graphically isolated, suffering drift from subsequent genetics (Beck et al. 2010). Early 
reports of Asia show more limited genetic diversity, with some haplotypes that are 
also common in South America (da Silva et al. 2011). In Africa, two of the main lines 
(type II and III) have been identified mainly in Egypt and Uganda, suggesting their 
possible predominance on the continent. Studies based on multilocular microsatellite 
analysis of other strains isolated from African patients (mainly from Central and 
West Africa) show the presence of a fixed combination of alleles belonging to types I 
and III, and the hypothesis of an African clonal type probably related to the type of 
BrI detected by Pena et al. (2008) (cited by Beck et al. 2010) in Brazil (Beck et al. 2010). 

Over the years, real progress has been made in the field of population genetics 
and biodiversity in Toxoplasma. However, large-scale molecular and epidemiologi- 
cal studies are needed to elucidate the global spread of different genotypes or the 
influence of various early (continental drift, feline migration) or more recent (do- 
mestication of cats and farm animals, genetic exchanges and migration with cats 
and pests) on the evolution of T. gondii (da Silva et al. 2011). All these aspects go far 
beyond the theoretical interest, because genetic recombination occurring in wildlife 
hosts may result in the emergence of strains equipped with pathogenic mechanisms 
that facilitate the rapid expansion and installation of the disease (Frazao-Teixeira 
et al. 2011). 
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4. Toxoplasmosis Epidemiology 


4.1. The Receptivity in Toxoplasmosis 


The spread in the world is uneven. Some of the causes could be the structure 
of the fauna, the environmental conditions and the degree of culture. The incidence 
seems to be higher in hot and humid areas than in dry and cold ones. In some 
intermediate hosts, a certain seasonality of evolution could be observed. Thus, in 
herbivores, the prevalence is higher in spring, while in pigs, it is higher in autumn 
and winter (Venturini et al. 2004; Wolf et al. 2005; Dárábus et al. 2006; Van der Giessen 
et al. 2007; Yu et al. 2007). 

Among the definitive hosts, the most important are the domestic and wild 
cat, the ocelot, the Bengal tiger, the lynx and the margays. The susceptibility of 
intermediate hosts to infection is very high for mouse, guinea pig, golden hamster, 
rabbit; great for sheep, dog, fox, man; average in pigs; and lower in cattle and horses. 
The rat appears refractory to infection (Azevedo et al. 2005; Djurkovic-Djakovié et al. 
2005; Dubey 2006; Figueroa-Castillo et al. 2006; Naves et al. 2005). Some mouse lines 
are more receptive than others, and the severity of infection in individuals in the same 
line may be different. Some species are genetically resistant to clinical toxoplasmosis. 
For example, adult rats do not get sick, while young rats can die from toxoplasmosis. 
Mice of any age are susceptible to clinical infection with T. gondii. Adult dogs, like 
adult rats, are resilient, while puppies are very sensitive. Cattle and horses are 
among the species most resistant to acute toxoplasmosis, while some marsupials 
and monkeys in the New World are most susceptible to infection. Nothing is known 
about the genetic determinism of susceptibility in clinical toxoplasmosis of higher 
mammals, including humans (Furuta et al. 2001; Garcia et al. 2005; Salant et al. 2009a, 
2009b). 


4.2. Sources of Infection in Toxoplasmosis 


The main source of infection for intermediate hosts is the cat, which eliminates 
oocysts by contaminating the environment. A cat can eliminate about 20 million 
oocysts daily. The habit of cats to bury their feces in grain depots creates the possibil- 
ity of transmitting oocysts to farm animals. T. gondii oocysts can be dispersed in the 
environment by atmospheric factors wind, rain or surface water (Dubey 2004). Hay, 
straw or grass that has been contaminated with cat feces is considered a source of in- 
fection for animals. In addition, oocysts can be spread by earthworms, coprophagous 
mites or manure used as fertilizer. In the intestines of kitchen beetles, which can act 
as vectors, oocysts remain infectious after 19 days. Other cats may also be a source of 
infection, but they eliminate fewer oocysts compared to the domestic cat (Chinchilla 
et al. 1994; Dubey 2002; Dubey et al. 2005c; Mucker et al. 2006). 

People can become infected through contact with contaminated soil, for example 
through gardening, and oocysts are isolated from soil samples from different parts 
of the world. It is also assumed that dog fur, which comes in contact with cat feces, 
may play a role in transmitting oocysts to humans (Ryser-Degiorgis et al. 2006). 

Organs and tissues, derived from the approximately 350 species of receptive 
vertebrates, which are infected with tachyzoites and bradyzoites are sources of infec- 
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tion for the final hosts—cats. They can also be sources of infection for intermediate 
hosts (Belbacha et al. 2004; Figliuolo et al. 2004; Silva et al. 2007). Other sources of 
infection are wild rodents, small birds and wild rabbits, which are believed to be the 
natural source of infection for cats (Hill et al. 1998; Dubey 2002; Figueroa-Castillo 
et al. 2006). 

Cases of toxoplasmosis in humans and animals caused by infestation with 
contaminated water or soil are increasingly cited in the literature (Isaac-Renton et al. 
1998; Slifko et al. 2000). 

Dumetre et al. (2008), in France, tested two methods for inactivating the oocysts 
from drinking water. They underwent UV water testing, as well as ozone treatment. 
It has been observed that T. gondii oocysts in water have been inactivated after UV 
treatment, but not after ozone treatment (Dumetre et al. 2008). 

Knowing that ozone treatment and water chlorination, in addition to being 
ineffective in inoculating oocysts, are also harmful to the released products, it was 
concluded that UV treatment is the most effective and least harmful method of 
inactivating T. gondii in weeds. In endemic areas (such as France), this method could 
be used in the prophylaxis of toxoplasmosis in humans and animals (Dubey 2004). 

Afonso et al. (2008) intended to identify the defecation sites of cats in Lyon, 
France. They gave the cats food marked with dyes, and their feces was collected. 
In total, 72 fecal samples were recovered from 24 cats. Along with the feces, soil 
samples were collected and examined by PCR to determine oocysts. In 3 out of 55 
soil samples, and in the second experiment, in 8 out of 62 soil samples, the presence 
of T. gondii oocysts could be identified. These data confirm the risk of contamination 
of humans and animals with environmental oocysts (Afonso et al. 2008). 

Dumetre and Dardé (2005) state that immunomagnetic separation would be 
an effective method for determining T. gondii oocysts in water, but until then, the 
method has not been standardized for determining T. gondii. Attempting to use 
immunomagnetic separation, but indirectly, by means of two monoclonal antibodies 
(mAbs 3G4, 4B6), seems to have yielded results. The age of the oocysts (1 or 12 
months since they are in the environment) does not influence the sensitivity of the 
results of indirect immunomagnetic separation. This method was also tested by the 
same author in 2007, confirming the importance of 4B6 monoclonal antibodies in 
detecting T. gondii oocysts in water samples (Dumetre and Dardé 2005, 2007). 

Lass et al. (2009) tested 101 soil samples from Poland, by PCR, to determine 
T. gondii oocysts. Soil samples were collected from areas considered cat defecation 
areas. The oocysts were recovered by flotation, and then subjected to DNA extraction 
by PCR. Toxoplasma DNA could be identified in 18 soil samples, and seven isolates 
could be genotyped as belonging to genotypes I and II. This study demonstrates, once 
again, the major role that environmental T. gondii oocysts play in the epidemiology 
of the disease (Lass et al. 2009). 

Sotiriadou and Karanis (2008), from the University of Agriculture and Veterinary 
Medicine of Japan, demonstrated the sensitivity of the loop-mediated isothermal 
amplification (LAMP) method compared to the PCR or immunofluorescence (IFAT) 
method to determine T. gondii in water. Twenty-six water samples contaminated 
with a known number of T. gondii oocysts were tested. After DNA extraction, the 
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sensitivity of the LAMP method was 100% and that of PCR was 53.8% (Sotiriadou 
and Karanis 2008). 

A total of 52 samples of natural water (from the environment) were tested by 
LAMP, PCR and IFAT. The LAMP method identified 25 positive samples (48%), the 
PCR only 7 samples (13.5%) and no positive sample was identified by IFAT. It has 
been concluded that, by far, LAMP the fastest, most specific and most sensitive 
method used to determine T. gondii from contaminated water (Krasteva et al. 2009). 

Winiecka-Krusnell et al. (2009), from the Swedish Institute of Infectious Disease 
Control, attempted to explain the increased prevalence of T. gondii infection in ma- 
rine mammals. It started from the idea that mollusks have the ability to accumulate 
oocysts inside them, along with the feeding activity, through filters. It is also known 
that amoebas are considered potential carriers of pathogens 
(Winiecka-Krusnell et al. 2009). 

Based on these data, the author experienced the ability of amoebas (Acan- 
thamoeba castellanii) to accumulate oocysts of T. gondii, through their phagocytosis 
activity. Through this study, it was observed that placed in the same environment, 
amoebas have the ability to accumulate inside oocysts of T. gondii. Overall, 85% of the 
amoebae contained 1-3 oocysts, and 15% contained more than 3 oocysts. Oral inocula- 
tion of these amoebae in mice led to the development of infection, thus demonstrating 
that amoebas have the ability to transmit T. gondii oocysts, preserving their infectivity 
and pathogenicity. However, the presence of oocysts could not be demonstrated in 
mollusks, in their natural environment (Winiecka-Krusnell et al. 2009). 

It is considered that the possibility of transmitting T. gondii to marine mam- 
mals through aquatic mollusks exists, but remains, for the time being, at the stage 
of theoretical hypothesis, and cannot be proven under natural conditions. The 
role of amoebas in the spread of T. gondii oocysts requires further investigation 
(Murata et al. 2004). 


4.3. Routes of Infection for Toxoplasma gondii 


The main routes of infection, both in the definitive and in the intermediate 
hosts, are the oral one with oocysts or through carnivorism (with bradyzoites and 
tachyzoites) and the congenital one (Mederle et al. 2007). Theoretically, the transmis- 
sion of toxoplasmosis can also be achieved sexually, through saliva or through the 
consumption of milk and eggs. The parasitic stages that are most likely involved 
in these types of transmission would be tachyzoites. They are more sensitive and 
cannot survive for longer periods outside the host’s body. Therefore, the risk of 
transmission via kissing or venereally is virtually nil. Although Toxoplasma have been 
isolated from ram’s sperm, it does not appear that they do not transmit the disease 
through breeding (Zanetti Lopes et al. 2009). There is a minimal risk of Toxoplasma 
infection following the consumption of cow’s milk, especially since it is generally 
pasteurized, even boiled, but there have been infections due to the consumption of 
uncooked goat’s milk (Sacks et al. 1982; Chiari and Neves 1984; Spišák et al. 2010). 
Chicken eggs, although important sources for Salmonella infection, are unlikely to 
transmit T. gondii infection. 
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In recent years, the transmission of toxoplasmosis by organ transplantation or 
blood transfusion has become important. 

Oral transmission of the disease is achieved by consuming feed contaminated 
with oocysts. In sheep, the parasite can be transmitted through grains that are 
administered in the last part of pregnancy, but also through the consumption of 
infected placentas (Ballweber 2006). 

In pigs, infection occurs through the consumption of unsterilized kitchen scraps 
or rodents (Caporali et al. 2005; Darabus et al. 2006). 

We consider that, in the transmission of toxoplasmosis, carnivorism has a bigger 
role than the infection with oocysts from cats. Carnivorism avoids one of the links 
in the life cycle: the cat. It seems that the most important role in this mode of 
transmission is played by sheep and pigs. Tissue cysts from meat destined for human 
consumption are an important source of infection for people. Cysts develop in less 
than 6-7 days after infection of the intermediate host with oocysts or bradyzoites 
(Oncel et al. 2005; de Moura et al. 2007; Tekay and Ozbek 2007). 

The transplacental route occurs either as a result of a first infection or due to 
the exacerbation of a chronic form. Tachyzoites cross the placental barrier through 
tissue necrosis and develop in the pregnant uterus (Anderson and Remington 1974; 
Canessa et al. 1988; Dunn et al. 1999; Stroia and Ungureanu 2007). 


4.4. Favoring Factors in Toxoplasma gondii Infection 


Some favoring conditions may increase cats’ susceptibility to infection and the 
deposition of more oocysts. Thus, under experimental conditions, cats infected with 
T. gondii eliminate a greater number of oocysts after ingestion of Isospora felis, without 
causing the disease, suggesting that the infection is limited to the intestine. Under 
the same conditions, cats chronically infected with T. gondii, after administration of 
corticosteroids, eliminate oocysts, but less than in the case of infection with I. felis. 
However, they clinically manifest the disease. In cats that have eliminated oocysts, 
intestinal immunity is strong. In these, primary infection with T. gondii does not 
cause immunosuppression (Johnson 1997). Most cats after a primary infection, with 
elimination of oocysts, and challenge after 6-12 months no longer excrete parasites 
in the feces. It is understood that infected cats in the first months of life are strongly 
immunized and after 4-5 months, theoretically, no longer eliminate oocysts, even if, 
in the case of reinfestations, some phases of Toxoplasma development can occur in 
enterocytes (Durecko et al. 2004; Darabus et al. 2006). 

It appears that in about 55% of cats, intestinal immunity persists for up to 6 
years. In the past, removal of oocysts after reinfection or re-elimination of oocysts 
in the absence of reinfection with T. gondii was thought to be rare. However, recent 
studies show that the immunity developed from the primary infection does not 
persist throughout the cat’s life. A new elimination of oocysts can be induced in 
cats that have been reinfected with T. gondii approximately 6 years after primary 
infection. In addition, in some cases, a re-elimination of oocysts without a cat 
reinfection was observed for a short time. This is not yet fully understood, but 
various immunosuppressive causes are assumed, such as over infestations with 
Cystoisospora felis or leukemic virus infections or feline immunodeficiency virus; 
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factors that induce a re-elimination of oocysts under natural conditions (Airinei et al. 
2007; Dubey 2005). 

Congenitally infected kittens can also eliminate oocysts. If cats are infected with 
tachyzoites and/or oocysts, less than 50% of them will eliminate oocysts. Ingestion 
of bradyzoite cysts ensures 100% elimination of oocysts by infected cats (Dubey et al. 
2004c; Miró et al. 2004). 


4.5. Methods of Infestation in Toxoplasmosis 


During the biological cycle of T. gondii, there are three infesting stages: tachy- 
zoites, bradyzoites inside tissue cysts and sporozoites in sporulated oocysts. All three 
stages are infesting for both hosts, intermediate and final. The ways of infestation 
are the following (Figure 7): 


- A Horizontal transmission, by ingesting infesting oocysts from the environment; 

- J Horizontal transmission, by ingestion of tissue cysts from raw or insufficiently 
prepared meat or viscera of the intermediate hosts; 

- . Vertical transmission, by transplacental transmission of tachyzoites. 


Figure 7. Methods of infestation in toxoplasmosis (Pathways for Toxoplasma gondii 
infection). Source: Authors’ compilation based on data from www.aafp.org/afp/2 
003/0515/p2131.html (accessed on 28 September 2019). 
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In addition, in some hosts (goats), tachyzoites can also be transmitted through 
milk from mother to infant (Dubey 2000; Ishag et al. 2006). 

Not all possible routes of infection are of epidemiological importance, and the 
sources of infection can vary greatly between different ethnic groups and between 
different geographical areas (Tenter et al. 2000). 

In order to prevent horizontal transmission and, in particular, to eliminate the 
sources of infestation, it is necessary to develop strategies to prevent infection in 
at-risk groups, in unimmunized pregnant women or in AIDS patients (Cambrea et al. 
2007; Colville and Berryhill 2007). 


4.5.1. Transmission by Tachyzoites 


Tachyzoites play the most important role in vertical transmission. They are very 
sensitive to environmental factors and are easily destroyed outside the host. There- 
fore, it is believed that horizontal tachyzoite transmission is not epidemiologically 
important, although horizontal tachyzoite infections may sporadically occur. 

Heart, kidney, liver or bone-marrow transplants can be complicated by T. gondii 
infection, and both tachyzoites and tissue cysts may be involved (Cermáková et al. 
2005). 

Tachyzoites can also be transmitted through the blood, being found in the 
contents of white-blood-cell fractions. However, parasitemia only exists for a short 
time after the first infection. Thus, infection by normal blood transfusions is a minor 
risk (Béla et al. 2008). 

Tachyzoites have also been found in sheep's, goat's and cow's milk, but they 
cause infections only when unpasteurized goat's milk is consumed (Brandao et al. 
2006; Ishag et al. 2006). They are sensitive to proteolytic enzymes and are usually 
destroyed by gastric digestion. However, Dumétre and Dardé (2003) have shown 
that tachyzoites can sometimes survive for a short time (22 h) in pepsin acid solution, 
and oral administration of high-dose tachyzoites can lead to infections in mice and 
cats (Dumetre and Dardé 2003). 

It has also been suggested that tachyzoites may reach the host by penetrating 
the mucous membranes and into the blood or lymph circulation before reaching the 
stomach. This could explain T. gondii infection in an infant whose mother acquired a 
primary infection with this parasite (Robert-Gangneux et al. 1999). 

Tachyzoites are sensitive to temperature. This is noteworthy because T. gondii 
infection was observed in two children who frequently drank unpasteurized goat's 
milk, and their parents, who drank milk only in tea or coffee, remained seronegative. 
Tachyzoites are destroyed by pasteurization and heating. In Poland, the consumption 
of unpasteurized milk is considered a risk factor for horizontal transmission (Sacks 
et al. 1982; Chiari and Neves 1984). 

Tachyzoites have been found in other bodily fluids: saliva, sputum, urine, tears 
and semen, but they are not important in horizontal transmission. 

Different studies (Dubey et al. 2005c, 2008a, 2010a) show that tachyzoites can 
also be found in raw chicken eggs laid by chickens with experimental infection 
(Dubey et al. 2002b, 2004b, 2004c, 2004d, 2005b, 2006f, 2006b, 2007c). However, 
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marketed eggs should be free of T. gondii, and tachyzoites are sensitive to heating 
and salting, so any method of cooking eggs will destroy these forms of infestation. 

The unanimous opinion is that most horizontal transmissions are made by eating 
meat or organs with cysts and by ingesting oocysts from food or water contaminated 
with cat feces (Dubey 2004). 


4.5.2. Transmission by Tissue Cysts 


Meat tissue cysts are an important source of infection for humans. Cysts develop 
in less than 6-7 days after infection of the intermediate host with oocysts or other 
cysts. 

Among meat animals, cysts are most commonly found in the tissues of infected 
pigs (Gamble et al. 2005; Schulzig and Fehlhaber 2005; Stirbu-Teofanescu et al. 2007), 
sheep and goats (Jittapalapong et al. 2005; Goz et al. 2006; Irabuena et al. 2006; Silva 
and La Rue 2006), less frequently from infected birds (Dubey et al. 2006e, 2007f), 
rabbits (Figueroa-Castillo et al. 2006), dogs (Aslantas et al. 2005; Wanha et al. 2005; 
Cozma et al. 2007; Silva et al. 2007) or horses (Naves et al. 2005) and very rarely in 
beef (Yu et al. 2007). 

In Europe and the United States, pigs have been considered a major source of 
human infection (Desmonts and Couvreur 1974). This hypothesis is based on the fact 
that cysts were found in most pork products (between 1970-1980). Epidemiological 
studies performed on pig farms with intensive breeding systems in the Netherlands, 
Austria and Germany showed that the prevalence of T. gondii infection in pigs 
decreased significantly (<1%) (Schulzig and Fehlhaber 2005). 

Pigs are often infected by consuming small rodents (dead or sick mice) that 
carry Toxoplasma cysts. In some farms, it has been possible to link the percentage of 
infected mice to that of pigs positive for Toxoplasma. In addition, pigs, under certain 
circumstances, become cannibals by biting their tails or ears (autophagy) (Oncel and 
Vural 2006; Cilievici and Cretu 2007). 

In several U.S. countries, seroprevalence in older pigs, which are kept on ex- 
tensive breeding farms and which are more exposed to the environment, is also 
decreasing (Caporali et al. 2005; Damriyasa and Bauer 2005). 

These data demonstrate that it is possible to decrease the risk of T. gondii infection 
in intensive growth systems if the conditions of hygiene, prophylaxis and control are 
observed. These measures include: 


a. Raising farm animals in shelters, throughout their economic life; 

b. Shelters should be protected from rodents, birds and insects; 

c. The animal feed should be free of microorganisms; 

d. Control of access to shelter for food distributors, and for pets not to have 
access inside the shelters. 


Using some of the preventive measures, it is economically possible to raise 
T. gondii-free pigs and poultry, although this has only been achieved in a few countries: 
the Netherlands, Denmark and Germany (Damriyasa and Bauer 2005). 

In contrast, animals kept at pasture will always be associated with T. gondii 
infection due to the fact that cats eliminate oocysts in the environment and the 
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animals have the possibility of permanent contamination (such as sheep and goats 
with a seroprevalence of 92% and 75%, respectively) (Brandao et al. 2006). This is 
important because cysts have been found in many sheep and goat tissues, and thus, 
these animals are sources of infection through both meat and milk. 

Seroprevalence is much lower and more varied in horses, rabbits and birds. 
This could be due to differences in maintenance, hygiene and feed compared to 
pigs and small ruminants. In dogs, seroprevalence is usually increased because they 
are always exposed to the natural environment and the cumulative effect over time 
(Azevedo et al. 2005; Schares et al. 2005). 

Tissue cysts of T. gondii from deer or other wildlife, including rabbit, wild buffalo, 
other deer, kangaroos and bears are considered sources of infection for humans 
(Zarnke et al. 1997; Martinez-Carasco et al. 2004; Dangolla et al. 2006). Hunters and 
their families can also become infected during the evisceration of animals and the 
cutting of game. 

Due to the frequent consumption of caribou meat in Inuit culture, an associa- 
tion was observed between congenital toxoplasmosis and fur clothes (wolf, fox) in 
pregnant women (Kelly and Sleeman 2003). These cases show that toxoplasmosis in 
humans can also occur in the Arctic regions, although infections in these areas are 
rarer than in regions with hot and humid climates. In addition, there is a cumulative 
effect over time in wildlife, resulting in an increased prevalence of infection (Omata 
et al. 2005a, 2005b; Anwar et al. 2006; Ryser-Degiorgis et al. 2006). 

In some wild animals, such as marsupials in Australia, T. gondii infection did 
not exist until cats were introduced into their territory (about 100 years ago). Asa 
result, these animals are very susceptible to T. gondii infection (Johnson 1996). 

Although the seroprevalence of toxoplasmosis is lower in marsupials than in 
mammals, kangaroo meat has recently been considered a source of infection for 
humans because it is tender and low in fat and consumed in blood or undercooked 
(Johnson 1996). 

Bradyzoites are more resistant to digestive enzymes (pepsin and trypsin) than 
tachyzoites. Thus, ingestion of viable tissue cysts by an unimmunized host will 
cause an infection. Tissue cysts are less resistant to environmental conditions than 
oocysts, which are relatively resistant to temperature variations, but still cysts remain 
infectious in carcasses or minced meat at refrigerator temperature (1—4 °C) for over 
three weeks, probably as long as the meat is good for consumption. 

Tissue cysts also survive at —1 to —8 °C for a week but are destroyed at 
temperatures of —12 °C or lower. However, some can survive even at these tem- 
peratures. It has been observed that some lines of T. gondii can withstand frost 
(Meireles et al. 2003). 

Instead, meat cysts are destroyed by heating to 67 °C. Survival of cysts at lower 
temperatures depends on the duration of cooking. For example, under laboratory 
conditions, the cysts survived at 60 °C for about 4 min and at 50 °C for about 10 min. 
It should be noted that cooking for a longer time would be necessary to obtain the 
optimum temperature to kill all cysts in all parts of the meat. Some cysts can remain 
infectious if the method of cooking the meat is just heating, such as cooking in the 
microwave. 
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Some studies (Dubey 2000) have shown that tissue cysts are destroyed by 
commercial methods of preparing meat, by salting or smoking, at low temperatures. 

The survival time of tissue cysts varies depending on the concentration of the 
saline solution or the freezing temperature. Under laboratory conditions, cysts are 
destroyed at a concentration of 6% NaCl at all subjected temperatures (4-20 °C) but 
survive at low concentrations of saline for several weeks. It has also been shown 
that in home-made pork sausages, the salt applied does not necessarily kill the 
tissue cysts. 

Tissue cysts are destroyed by gamma radiation at a dose of 1.0 KGy, which is 
supported by US authorities (Dubey 2000). Meat irradiation has been approved in 
only a few countries and is only possible in developed countries. It is rejected by 
consumers in many parts of the world. 

In 1954, Weinman and Chandler (cited by Dubey 2009a) suggest, for the first 
time, the possibility of transmitting toxoplasmosis through raw (uncooked) meat 
(Dubey 2009a). This hypothesis was later tested in a children’s sanatorium. They 
compared the rate of infection in children before and after hospitalization. At first, 
a rate of 10% was set, then it increased to 50% after the administration of two 
portions of lightly cooked beef and horse, increasing to 100% after the consumption 
of undercooked lamb (Dubey 2009a). 

Later, the disease was described in a group of medical students who ate a 
hamburger containing insufficiently cooked meat (Dubey 2009a). 

Recent outbreaks of acute toxoplasmosis in humans in different parts of the 
world show that the sources of infection vary widely among different populations, 
depending on cultural differences and culinary habits. In Canada, an outbreak of 
congenital toxoplasmosis in an Inuit colony in northern Quebec has been associated 
with frequent consumption of caribou meat and fur processing from fur animals, 
while seropositivity in pregnant women has been associated with the consumption 
of dried seal meat, seal liver and raw caribou meat (Dubey 2004). 

In Australia, the onset of acute and congenital toxoplasmosis was associated 
with kangaroo and lamb meat that is less cooked during a party in Queensland 
(Johnson 1996). Meanwhile, at a party in Brazil, the consumption of raw ram meat 
was incriminated as a source of acute toxoplasmosis in humans (Ueno et al. 2009). 

The cysts are located, randomly, in any muscle mass, but especially in the my- 
ocardium. In this muscle, in pigs, survival of several years was achieved. It is also 
important to consider that, in addition to meat, tissue cysts can also form in the vis- 
ceral organs. Thus, an acute outbreak of toxoplasmosis in humans has been described 
after the consumption of spleen and raw wild boar liver, and another outbreak after 
the consumption of raw pork liver in Korea, where the liver is considered a food 
with special nutritional qualities (Li et al. 2006; Liang et al. 2006). In the second case, 
both tissue cysts and tachyzoites could be involved. 

While these reports show that the risk of T. gondii infection through meat or 
other edible parts of an animal varies with culture and cultural habits in different 
human populations, data from acute outbreaks of toxoplasmosis are usually related 
to an occasional source of infection and not a major epidemiological source for the 
entire population. For example, in Australia, kangaroo meat has only recently been 
marketed for human consumption (Johnson 1996). 
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It should be noted that most T. gondii infections in immunocompetent people 
progress asymptomatically, and thus these infections will not be recorded unless 
systematic programs for recording T. gondii infections are applied to these people. 
Only recently, in a comprehensive control, have studies been carried out specifically 
to identify the sources of infection in different human populations. In several studies 
conducted by the European Congenital Toxoplasmosis Research Center, a large 
number of women have been registered for seroconversion during pregnancy. The 
European Center has conducted studies (Cook et al. 2000) in various cities in Belgium, 
Denmark, Italy, Norway, Switzerland and England, identifying the consumption of 
undercooked lamb, beef or game, soil contact and travel outside Europe and North 
America, as strong risk factors for T. gondii infections, with 30-63% of cases being 
attributed to the consumption of poorly cooked meat (Cook et al. 2000; Tenter et al. 
2000). 

Consumption of raw pork and tasting of raw meat during cooking were also 
considered to be the main risk factors for T. gondii infection in the Polish population. 
Frequent meat consumption or poorly cooked meat consumption have also been 
associated with seroconversion or seropositivity in T. gondii in studies conducted by 
a routine health check for adults in France, Yugoslavia, and the United States (Cook 
et al. 2000; Aydenizoz et al. 2005). 

While the consumption of raw or undercooked meat has been consistently 
found to be a risk factor in all these studies, the real importance of this factor, 
depending on the type of meat, varies in different countries. For example, in France, 
the consumption of undercooked beef was an important risk factor compared to lamb. 
In Norway, the consumption of low-cooked lamb was a major factor in infection 
compared to pork, while in Poland, the consumption of poorly cooked pork was 
the main risk factor identified during the study. Additionally, in Norway, over 18% 
of sheep and only 3% of slaughtered pigs had tissue cysts, while in Poland, 36% of 
slaughtered pigs were infected (Cook et al. 2000; Figliuolo et al. 2004; Negash et al. 
2004; Hove et al. 2005b). 

These data highlight the differences in the culinary habits of consumers or 
differences in the prevalence of infection in meat products in the mentioned regions. 

To prevent horizontal transmission of T. gondii to humans through carrier foods, 
meat and other edible parts of carcasses should be well cooked (up to 67 °C in the 
middle of the piece of meat) before being eaten. Although freezing, as the only 
method of processing, is not a valuable way to destroy all cysts, deep freezing of 
meat (—12 °C or even lower temperatures) before cooking can reduce the risk of 
infection. In addition, meat should not be tasted during its preparation or cooking, 
which is very important for unimmunized pregnant women. 

The fact that slaughterhouse species are always at risk of infestation points out 
that toxoplasmosis in humans has a higher incidence in countries where culinary 
habits make it possible to eat less cooked meat. Therefore, the incidence of human 
infection in France is very high, with the French consuming a lot of raw meat. All 
butchers are possible sources of Toxoplasma infection, with pigs having an infection 
rate of about 70%. In all animals, the density of the infection is not very high: a cyst 
with bradyzoites per 50-100 g of meat (Garcia et al. 1999; Dumetre and Dardé 2003; 
Hove et al. 2005b). 
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In order to reduce the risk of horizontal transmission to humans through tissue 
cysts, it is essential that preventive measures also include rigorous kitchen hygiene. 
Thus, in a study conducted in Norway, non-washing of knives each time after cutting 
raw meat was independently associated with an increased risk of a primary infection 
during pregnancy (Cook et al. 2000). 

Tissue cysts and tachyzoites are destroyed by water and thus, hands and all 
kitchen utensils used in the preparation of raw meat or other products of animal 
origin should be thoroughly washed with hot water and detergent. 


4.5.3. Transmission by Oocysts 


A study in Bombay, India (Dubey 2009a) established the prevalence of T. gondii 
infection in vegetarians as similar to that in the rest of the population. 

In 1965, Hutchison (cited by Dubey 2009a) first associated Toxoplasma infection 
with cat feces. Until then, Hutchison had not studied protozoa. He administered 
tissue cysts with T. gondii to cats already infested with Toxocara cati. He collected 
the feces of the cats, left the Toxocara eggs in the embryo and then administered 
them to the mice. Those mice expressed the disease. He repeated the experiment 
using two cats infested with T. cati and two that were free of parasites. T. gondii 
was transmitted only to cats infested with T. cati. Thus, Hutchison concluded that 
T. gondii is transmitted through Toxocara cati eggs. Hutchison's theory was challenged 
by Frenkel in 1969 (cited by Dubey 20092), who demonstrated the presence of T. gondii 
oocysts in the feces of cats that were not infested with nematodes. These data were 
used to complete the sexual cycle in the cat's small intestine (Dubey 20092). 

After identifying T. gondii oocysts, Ben Rachid (1970, quoted by Dubey 20092) 
inoculated gundi rodents with oocysts, and the animals died after 6-7 days. Thus, 
the method of infection of rodent rodents in 1908 is explained. It is assumed that at 
least one cat existed in Nicolle’s research laboratories in Tunisia (Dubey 2009a). 

To complete the sexual cycle of the parasite, Dr. J. K. Frenkel tested several 
species of animals, including wild cats, to eliminate oocysts in captivity. An ocelot, 
for which he was given meat with tissue cysts, eliminated oocysts of T. gondii. Of 
all the species tested, it was observed that only cats eliminate oocysts. Thus, it was 
concluded that the sexual phase of the cycle takes place only in the small intestine of 
cats, resulting in the elimination of oocysts (Dubey 2009a). 

T. gondii infections in cats usually develop asymptomatically, and vertical trans- 
mission is rare, but latent T. gondii infections are common in domestic cats and wild 
cats worldwide. At least 17 species of wild cats have been found to eliminate oocysts: 
European and African wild cats, Pallas cat, leopard cat, Amur leopard cat, ocelot, 
Geoffroy’s cat, Pampa’s cat, leopard, tiger, cheetah, jaguar, lion, cougar, etc., and 
in some of them, T. gondii infections have been shown serologically (Dubey 2005; 
Mucker et al. 2006). 

The degree of seropositivity (by ELISA) increases with age: 22% in cats under 
one year and 80% in those over 10 years. Between 9 and 46% of pet cats in Europe 
and the USA show past exposure to the parasite in a serological test, while the 
seroprevalence of toxoplasmosis in Asia has been estimated at between 6 and 9% 
(Dubey 2005). 
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The cat becomes an oocyst eliminator only after it has begun to receive raw meat 
or become a predator. This means that he must be over one-and-a-half-months old. In 
addition, up to this age, kittens benefit from passive maternal immunity through Ig 
G antibodies that have been transmitted to them through the placenta and colostrum. 
In domestic cats, anti-Toxoplasma antibodies can be detected in over 74% of the adult 
cat population, depending on the type of food and the environment in which the cats 
are kept: indoors or outdoors (in the yard). Seroprevalence is usually higher in stray 
and wild cats than in urban and suburban settlements. After primary infection with 
T. gondii, cats that are kept indoors can eliminate a large number of oocysts inside 
the home, thus exposing their owners to the risk of infection. Stray cats and cats that 
are living near the farms or in farms can contaminate the environment with oocysts 
within a radius of about 1.5-3.5 km and thus to infect the animals that will then be 
slaughtered for human consumption (Asthana et al. 2006; Lazar and Barbu 2007). 

Domestic cats and other feline species can be infected with T. gondii by ingesting 
infectious oocysts from the environment or by ingesting tissue cysts from interme- 
diate hosts (Dumétre and Dardé 2003). For example, cats can ingest tissue cysts 
by eating food scraps containing meat or beef or game organs. Cats that hunt can 
become infected through the consumption of small mammals or birds infected with 
T. gondii. Depending on the host species, the geographical territory and the season, 
over 73% of small rodents and over 71% of wild birds can be infected (Dubey 2002; 
Djurkovic-Djakovié et al. 2005). 

After the primary infection of cats with tissue cysts, in the small intestine, 
bradyzoites immediately begin a phase of asexual multiplication which consists 
of numerous cycles of endopolygeny. The terminal stages of this multiplication 
begin the sexual phase of multiplication, which ends with the formation of oocysts. 
Almost all cats that were primarily infected with tissue cysts eliminated oocysts after 
a pre-existing period of 3-10 days, which ended after 20 days. 

In contrast, after infection with T. gondii oocysts, sporozoites first begin an 
asexual multiplication phase that is similar to the development of the intermediate 
host in the extraintestinal tissues. During this development, some parasites migrate 
to the intestinal tissues and begin a sexual phase of multiplication. One-third of cats 
that have been primarily infected with oocysts eliminate other oocysts for about 10 
days after a prepatent period longer than 18-49 days. 

Cats can also become infected by ingesting a large number (71000) of tachy- 
zoites, which will lead to the elimination of oocysts for about 7 days, after 15-19 days 
after ingestion of tachyzoites (Dubey 2005). 

Cats eliminate oocysts in large numbers only after a primary T. gondii infection. 
In the past, the removal of oocysts after a reinfection or a new elimination of oocysts, 
in the absence of a reinfection with T. gondii, was thought to be rare. However, 
some studies (Dubey et al. 2004c) show that immunity developed from primary 
infection does not persist throughout the cat's life (Miró et al. 2004; Michalski and 
Platt-Samoraj 2004; Dubey et al. 2007g). A new elimination of oocysts may be induced 
in cats that have been reinfected with T. gondii approximately 6 years after primary 
infection. Experimentally, the elimination of oocysts can be induced by superinfection 
with other coccidia, for example with species of the genus Isospora, as well as by 
immunosuppression, for example following an increased dose of corticosteroids. 
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The domestic cat is the only domestic animal that is a definitive host for T. gondii 
and appears to play a key role in the epidemiology of infection. At the time of 
elimination by the cat, the oocysts are sporulated and are not immediately infectious. 
Thus, direct contact with cats does not result in a T. gondii infection. Keeping cats 
and keeping them inside houses or apartments does not necessarily pose a risk of 
infection if preventive measures are strictly followed and cat feces are removed from 
the house daily. 

Sporulated oocysts in the environment are a potential source of infection for 
humans and other intermediate hosts. The epidemiological importance of oocysts is 
demonstrated by the fact that, despite the worldwide spread of T. gondii, infections 
with this parasite are completely absent on small islands and atolls that have never 
been populated by cats. Contamination of the environment with T. gondii oocysts is 
to infect other domestic cats or wild cats (Wallace 1969; Mucker et al. 2006). 

After primary infection with tissue cysts or T. gondii oocysts, a single cat can 
eliminate more than 100 million oocysts in the environment. In favorable envi- 
ronmental conditions, with oxygen, humidity and high temperatures, the oocysts 
sporulate and become infectious in 1-5 days. The sporulation period can be delayed 
by unfavorable environmental conditions. 

Depending on the pathogenicity of T. gondii, ingestion of 10 sporulated oocysts 
can cause infection in intermediate hosts, and ingestion of over 100 sporulated 
oocysts causes feline infection, thus resuming soil contamination with oocysts (Miró 
et al. 2004; Hove and Mukaratirwa 2005; Venturini et al. 2004; Xie et al. 2005). 

Sporulated oocysts are very resistant in the environment. They survive poorly 
in low temperatures and dehydration but remain infectious in moist soil and sand 
for over 18 months. Under laboratory conditions, they survive at 4 ^C for over 54 
months, and frozen at —10 °C, for 106 days, but they are killed in 1-2 min at 55-60 °C. 
They are waterproof and therefore particularly resistant to disinfectants (Dumétre 
and Dardé 2003). Ordinary disinfectants have no effect on sporulated oocysts, at least 
when used in usual concentrations, except for 10% ammonia. Fermentation and pu- 
trefaction, which occur at high temperatures and create anaerobiosis, destroy oocysts. 
By destroying the germs of putrefaction and fermentation, common disinfectants 
prolong the survival of oocysts. 


Cat—The "Key" Element in the Transmission of T. gondii 


There are several preventative measures that could reduce the risk of horizontal 
transmission of T. gondii to humans through oocysts. 

Regarding the spread of oocysts by pet cats, the owners of cats belonging to risk 
groups including non-immune pregnant women or immunocompromised patients 
should be advised and warned. 

Fecal examination is not a sufficient measure, as most cats eliminate oocysts in 
just 1-2 days, while the entire prepatent period can take more than 20 days (Airinei 
et al. 2007; Afonso et al. 2008). In those days when only a few oocysts are removed, 
and in case of re-eliminations, the coproscopic methods can give negative results, 
although the feces are infesting for the intermediate hosts, which is confirmed by 
mouse inoculation. Thus, fecal examination is relevant for cat owners only if the 
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result is positive, if T. gondii oocysts have been identified in cat feces (Salant and 
Spira 2004). 

For this reason, it is more appropriate to perform a serological examination in 
cats to identify anti-Toxoplasma antibodies (Ig G) (Dubey et al. 2004c). A negative 
serological result shows that the cat has not yet been exposed to T. gondii and is 
susceptible to future infections. In such cases, cats should be fed commercial (canned 
or dried) or cooked food (cooked meat) and should not be allowed to hunt to prevent 
a primary T. gondii infection. In addition, the environment in which the cat lives 
must be controlled to exclude intermediate hosts (mice and rats), and also vectors 
(kitchen beetles or other invertebrates) (Chinchilla et al. 1994). 

A positive serological result shows that the cat has already been infected with 
T. gondii in the past. Most cats with a detectable level of Ig G are probably immune 
and will not eliminate oocysts in the near future. Cats that have been infested 
with tissue cysts usually become positive between the second and fifth week post 
infestation. In some cats, which have been infested by ingestion of oocysts, Ig G 
antibodies are already detectable during the prolongation of the prepatent period 
(Dubey 2005). 

Thus, although the identification of Ig G antibodies in cats’ serum is, in most 
cases, an indicator of immunity, this does not rule out the possibility that, in some 
rare cases, cats may be able to eliminate oocysts. In addition, some cats that have 
been infected with T. gondii in the past may re-eliminate oocysts for a short period 
of time, so immunosuppressive treatments of cat owners belonging to risk groups 
should be avoided. It would also be advisable for immunocompromised individuals 
not to keep cats in their homes. 

However, the feces of pet cats should be removed from the house every day. Cat 
litter boxes and all objects that may come in contact with feces should be washed 
thoroughly with hot water (above 70 °C) and detergent by someone wearing gloves, 
but preferably not by immunocompromised individuals or by pregnant women 
(Dumetre and Dardé 2003). 

On the other hand, although the consumption of poorly cooked meat has been 
found to be the main risk factor in several recent studies of T. gondii infections in 
humans, these findings do not explain the high rate of seropositivity (24-47%) in 
some vegetarian populations (Roghmann et al. 1999). 

Some of the risk factors identified in these studies point to the importance of 
oocysts in the transmission of the disease to humans. For example, soil contact was 
found to be a strong risk factor in the European Toxoplasmosis Control Center study, 
and 6-7% of primary human infections were attributed to this factor, while in a study 
in Norway, the consumption of unwashed raw fruits and vegetables was considered 
an important factor of primary infections during pregnancy (Cook et al. 2000). 

It is recommended that pregnant women and immunocompromised individuals 
wash or heat-cook vegetables and fruits that may be contaminated with cat feces. 
These individuals should also wear gloves when working in gardens. 

In addition, T. gondii oocysts in children’s playgrounds can be a source of 
infection. Geophagy was strongly associated with an outbreak of acute toxoplasmosis 
in 6 of the 11 preschool children in a large family who played in the same playground 
in their grandparents’ yard—a pit to which cats also had access. Preventive measures 
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could be taken to prevent cats from defecating in children’s playgrounds by covering 
sand pits when not in use (Dubey 2000; Dumetre and Dardé 2003; Chen et al. 2005). 

Three other outbreaks of acute toxoplasmosis in humans have been associated 
with soil contamination with oocysts. In 1977, an outbreak of the disease in 37 of 86 
customers of a riding farm in Atlanta, USA, was associated with the inhalation of 
oocysts from the air—oocysts that were eliminated by farm cats (Naves et al. 2005). 

Another occurrence of toxoplasmosis in 35 of 98 military instructors was associ- 
ated with ingestion of water contaminated with oocysts during training on swampy 
terrain in Panama. 

The largest and most studied acute toxoplasmosis outbreak in humans occurred 
in 110 individuals in Vancouver, Canada, in 1995 (Cook et al. 2000). Retrospective 
epidemiological studies provide important evidence that this outbreak was caused 
by contamination of drinking water with oocysts. Both domestic cats and wild cats 
(cougars) have been shown to be the source of infection through oocyst contamination 
of the reservoir, which was the main source of drinking water into which unfiltered 
surface water is discharged (Dubey 2004; Mucker et al. 2006). 


4.6. The Prevalence of Toxoplasma gondii Infection in Animals 
4.6.1. T. gondii Infection in Livestock 


Sheep and goats 


Toxoplasma gondii is one of the common causes of abortions in sheep and goats, 
and thus a major problem in the production of lambs and goats. If several abortions 
occur on a farm, it means that the animals have access to an important source of 
oocysts (Figure 8). Sheep and goats develop very strong immunity after an abortion. 
Vaccination against Toxoplasma-induced abortion is practiced in some countries. The 
diagnosis of abortion can be made on the basis of antibodies from fetal fluids, by the 
modified agglutination test. Insufficiently cooked lamb, sheep or goat meat is an 
important source of infection in humans (Weiss and Kim 2004; Dubey et al. 2014a, 
2008d; Dubey 2009b). 


Figure 8. Free access of cats in sheep farms. Source: Photos by authors. 


Mainar-Jaime and Barberan (2007) tested the efficacy of two methods of sero- 
logical diagnosis to determine the prevalence of T. gondii infection in Spanish sheep. 
Two-hundred and three sheep were tested and a prevalence of 40.4% by MAT and 
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36.9% by ELISA was obtained (Mainar-Jaime and Barberán 2007). Through com- 
parison with other studies (Garcia et al. 2008) that tested the same methods, but on 
different species, it can be pointed out that the accuracy of the tests differs depending 
on the species being tested. 

Shaapan et al. (2008) tested the efficacy of four serological diagnostic methods 
in T. gondii infection in sheep. Three hundred samples were collected from sheep 
in Cairo, Egypt, obtaining different prevalence depending on the method applied: 
43.7% by MAT, 41.7% by ELISA, 37% by IFAT and 34% by SFDT. Through comparison 
with SFDT, which is considered the reference method in toxoplasmosis, different sen- 
sitivities and specificities were obtained, as follows: the most sensitive method being 
MAT, followed by ELISA and then IFAT, and the most specific method being IFAT, 
followed by MAT and then ELISA. It was concluded that MAT is the most sensitive 
method of diagnosis in toxoplasmosis, followed by ELISA—with a high sensitivity, 
which differs depending on the antigen with which the plaque is lined. ELISA also 
has the advantage of being a quantitative method. IFAT has high specificity but has 
lower sensitivity (Shaapan et al. 2008). 

Silva et al. (2009) revealed infections with Hammondia heydorni, Neospora caninum 
and Toxoplasma gondii in sheep in Bahia, Brazil. Samples from 102 sheep were 
examined by PCR, identifying a prevalence of 3.92% for H. heydorni, 1.96% for N. 
caninum and 7.84% for T. gondii. These results are low, probably due to the fact that 
Bahia is a dry area of Brazil, an area unfavorable to the sporulation and survival of 
oocysts in the soil (Silva et al. 2009). 

Lopes et al. (2009) tested the effects of T. gondii infection on the quality of semen 
in rams in Sao Paulo, Brazil. He divided eight rams into three groups. Group I 
received 2 x 10° oocysts, group II—1 x 10° tachyzoites, and group III represented 
the control group. After inoculation, some clinical signs began to appear, such as 
hypothermia and anorexia. All rams had anti-Toxoplasma antibodies. The semen was 
followed by volume, type of movements, speed of movement, concentration and 
morphology of sperm. 

Slight changes in sperm quality were observed, but they could not be directly 
attributed to Toxoplasma infection because some changes were observed, including in 
the control group. Although the experimental infection caused clinical signs, it did 
not contribute to the alteration of semen in the rams studied (Lopes et al. 2009). 

In Brazil, Faria et al. (2007) tested the prevalence of T. gondii infection in goats. 
Three-hundred and six serum samples were tested using an IFAT technique, and a 
prevalence of 24.5% for T. gondii and 3.3% for Neospora caninum was identified. The 
seroprevalence of toxoplasmosis by sex was 30.8% in males and 20.4% in females. 
This study confirms the increased prevalence of T. gondii infection in goats, described 
by other authors (Faria et al. 2007). 

In addition to the data described above, the prevalence of T. gondii infection in 
small ruminants has also been studied by well-known authors in the field in other 
countries (Table 5). 
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Table 5. Seroprevalence of T. gondii infection in sheep and goats. 


(Author 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (96) 
L Portugal/ 
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Martín et al. Pa us 998 46.5% MAT 
2020) Southern (farms) 
Sheep ü 
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(Pag l 
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(Esubalew et al. ae Sheep 295 76% 
Ethiopia LAT 
2020) Goats 281 65% 
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(Rouatbi et al. a Rams " 
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(Al Hamada Iraq/Dohuk (farms) Hm TIA LAT 
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Sheep b 
(Moskwa et al. Poland/ (farms) i 2 
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(Author 


Table 5. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (96) 
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(Glor et al. 2013) Zurich (abattoir) 96 18.7% ELISA 
Sheep " 
(Diakoua et al. (farms) is ee 
Greece ELISA 
2019) Goats 
375 61.396 
(farms) 
(Alvarado- udis eie 511 15.1 
Esquivel et al. Durango MAT 
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a ekale. ihania Sheep 354 42.1% ELISA 
T et al. Riopa Goats 641 74.8% MAT 
(Hove et al. : Sheep and , 
2005a) DAC 335 67.9% IFAT 
T p Sergi Sheep 511 84.5% MAT 
(Goz et al. 2006)  Turkey/Hakari Goats 92 7 6% IHA 
(Irabuena et al. Í LAT and 
2006) Uruguay Sheep 239 18% a 
; Sheep 
iin La Brazil (lambs <3 . 120 18.3% Serology 


months) 
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Table 5. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
(Morshedi et al. ; 7 ELISA 
2006) Iran/Urmia Sheep 110 21.8% and IFAT 
Shee 2 
(Dumétreetal. ^ France/ (lambs) 164 22% 
: DAT 
2006) Haute-Vienne 
Sheep 93 65.6% 
(Oncel and Turkey d 
Vural 2006) /Istanbul SHEEP aor one ELDA 
(Borde et al. S 
2006) Tobago Goats 161 44% LAT 
(Figliuolo etal.  Brazil/Sao Sheep 597 34.7% IFAT 
2004) Paulo Goats 394 28.7% 
(paa al Brazil/Parana Sheep 339 54.6% IFAT 
2005) 
52.6%; MDAT 
Sheep 116 o 
(Negash et al. Nazareth / SOM PERA 
2004) Ethiopia Gea 5g 24%; MDAT 
25.9% ELISA 
(Belbacha etal. | Morocco/ Sheep o $ f 
2004) Marrakech (brain) y ane Tip loge 
(Jittapalapong 2 o 
et al. 2005) Thailand/Satun Goats 631 27.996 LAT 
(Meireles et al. Brazil/Sao Sheep 200 3196 
ELISA 
2) Pauls Goats 200 17% 
(Sevgili et al. Turkey / " 
2005) Sahii Sheep 300 55.66% SFDT 
(Aydenizoz Turkey/ " 
et al. 2005) Kirikkale ER ud ae TAL 
a etal. Turkey/Yalova Sheep 63 66.6% SFDT 
) 65.08% LAT 
(Sawadogo etal. Morocco/ 5 
2005) Marrakech Sheep 261 27.6% ELISA 
ELISA, 
SACEP (Whe a 23.1% IFAT 
: aborted) , 
(Pereira-Bueno Spain = histopato- 
et al. 2004) CEP: 106 34.9% logical 
(abortions) and PCR 
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Table 5. Cont. 


Examinated Positive 


Nene Noun) Location Species Samples Samples Methods 
(No.) (%) 
nd AA Ethiopia Sheep 375 34% MDAT 
Paes Goats 93 35% 
Michalski and Sh 20 55% 
et 2004) Poland nds ELISA 
J Goats 142 63.6% 
v et al. Italy /Sardinia Sheep 5787 28.4% IFAT 
) Goats 3852 12.3% 
(Mainardi etal. Brazil/Sao E 
2003) Paulo Goats 442 14.596 IFAT 
(El-Moukdad , » 
2002) Syria Sheep 810 44.56% Serology 
19% THA 
(Figueiredo Brazil/ 19.5% IFAT 
et al. 2001) Uberlandia Goats 174 ` 
19.5% ELISA 
Bison ces: Africa/Uganda Goats 784 30.61% IFAT 
2000) 
(Gorman et al. l 12% IAHT 
Chil Shee 408 
1999) di n 28% IFAT 
(Hejlicek and Czech d 
Literak 19943) Republic SERE 200 qd p 
(Kovacova f 7 
1993) Slovakia Sheep 1939 10% DT 
Source: Table by authors. 
Pigs 


Toxoplasma gondii can cause neonatal death in pigs, but Toxoplasma abortion 
is rare in this species. The diagnosis of abortion can be made in sows based on 
antibodies from fetal fluids via the modified agglutination test. Pigs kept in poor 
conditions are much more exposed to parasitism (Figure 9) (Table 6). Insufficiently 
cooked pork is an important source of infection in humans, as tissue cysts can remain 
viable in animals for more than 865 days (Weiss and Kim 2004). 
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Figure 9. Pigs breeding in households. Source: Photos by authors. 


Table 6. Seroprevalence of T. gondii infection in pigs. 


Examinated Positive 


CARO Location Species Samples Samples Methods 
Name/Year) : 
(No.) (%) 
(Thaw et al. Pigs " 
2021) Myanmar (Backyard) 256 18.476 LAT 
(Sroka et al. Poland/ f ‘ 
2020) Nationwide Pigs 3111 11.9% MAT 
(Zhang et al. China/ Pigs ^ 
2020) Shanghai (Abattoir) ES OP BLIDA 
(Gisbert Algaba Belgium/ Pigs " 
etal. 2020) Wallonia (Abato ~ 16:998 MNT 
(Pastiu et al. Romania / Pigs ò 
2019) Transylvania (Backyard) ae SUD E 
(Thakur et al. India/ Pigs " 
2019) Chandigarh (Abattoir) |! O se 
(Felin et al. : : ð 
2019) Finland Pigs 1116 1% ELISA 
(Pablos-Tanarro Spain/ ; " 
et al. 2018) Southwestern Figs farme)" sue d MAT 
n] Pus Italy/Sardinia  Pigs(farms) 414 51.796 ELISA 
(Houeralonig) Ce pie. 141 46.81% PCR 
Province 
(Kofoed et al. A " 
2017) Denmark Pigs 254 15% ELISA 
(Feitosa et al. i : 6 
2017) Brazilia Pigs 120 12.5% IFAT 
Indonesia/ 
ducta North Pigs (farms) 310 2.3% LAT 
2017) 
Sulawesi 
(Kuruca et al. Serbia/ Pigs o 
2017) Northern (Abattoir) Hoe in MAL 
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Table 6. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
on etch aden Pigs 975 5.7% ELISA 
(Papatsiros et al. Greece/ : s 
2016) Mainland Pigs (farms) 609 4.3% ELISA 
(Herrero et al. ; 3 Pigs " 
2016) Spain/ Aragón (fattening) 1200 24.5% IFAT 
(Powell et al. United Pigs " 
2016) Kingdom Abaran 949 Toto pue est 
(Felin et al. Finland/ Pigs à 
2015) Nationwide (Abattoir) 1293 vd oe 
(Alvarado- . 1 : 
Eeguveleral, Lo MS 308 1396 MAT 
California Sur (Abattoir) 
2015) 
(Onyiche and Nigeria / Pigs ^ 
Ademola 2015) Ibadan (Abattoir) M Poe EKOR 
(Matsuo et al. . Pigs a 
2014) Japan/Gifu (Abattoir) 155 5.2% LAT 
(Esteves et al. Portugal/ Pigs " 
2014) Lisbon (Abattoir) Gi foin MAT 
(Hernández Spain/ Pigs (free " 
et al. 2014) Andalusia range) d AAR EDIDA 
(Devleesschauwer Nepal/ Pigs é 
et al. 2013) Kathmandu (Abattoir) ia nye RERA 
f Romania/ 
i erak Center, West, Sows 371 12.4% IFAT 
Northwest 
Slovak 
(Turčeková et al. ; Pigs " 
2013) Republic /6 (Abattoir) 923 4.2% ELISA 
regions 
80.5% IFAT 
Outdoor H Western 
pigs 149 one blot 
(Basso et al. : 83.2% ELISA 
Argentina 
2013) 8.1% IFAT 
Indoor pigs 148 23% oed 
8.8% ELISA 
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Table 6. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
(Balea et al. : . Pigs b 
2013) Romania/Cluj (Backyard) 187 43.1% ELISA 
(Mufioz-Zanzi Chile/ Pigs 3 
et al. 2012) Southern (Abattoir) i ue Hon 
(Alvarado- ; : 
Esquivel et al. Du mut a) 99 17.296 MAT 
2012b) axaca ackyards 
Romania/ Pigs 
(ot astal Caras-Severin (extensive 950 23.79% ELISA 
2011a) 
County system) 
; Pigs 
(Hotta Ronen nage v dones - UO 16.2896 ELISA 
2011a) County 
system) 
Pigs 
(extensive 1600 21.9396 
system) 
H 1 R ia/ Pigs (semi- 
(Hoa ceal SRI intensive 400 1.596 ELISA 
2011a) Timis County 
system) 
Pigs 
(intensive 1700 0.88% 
system) 
(Frazao- Brazil/ Rio de Pigs (heart) 16 12.5% PCR 
Teixeira et al. Janeiro ; ; 
2011) Pigs (brain) 19 15.78% 
(Berger-Schoch : ; o 
et al. 2011) Switzerland Pigs 270 2.2% PCR 
(García- ; Sows 400 24.2% 
Bocanegra et al. Spam Pigs MAT 
201 % 
010a) (fattening) 1570 9.7% 
(Garcia- Spain / 
Bocanegra et al. a eine Pigs 1202 19% MAT 
2010b) 
(Garcia- ; £ 
Bocanegra et al. Spain e den 73 35.6% MAT 
2010c) 
(Huang et al. ; " y 
China/Fujian Sows 605 14.38% IHAT 
2010) 
(Zou et al. 2009) China/ Pigs 831 16.97% IHAT 
Yunnan 
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Table 6. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
—- n wn 877 1.1% 
(Villari et al. Italy /Sicily ELISA 
2009) Pigs (7211 
125 8.9% 
months) 
(Correa et al. Spain/ . ó 
2008) Panada Pigs 290 32.1% IFAT 
(Sroka et al. : 
2008) Poland Pigs 106 26.4% MAT 
(Srikitjakarn ; : A 
et al. 2008) Thailand Pigs (farms) 322 7% LAT 
(de Moura etal. Brazil/ : x 
2007) Parana Pigs 117 8.54% IFAT 
Pigs 
(intensive 265 0.38% 
system) 
(Van der Pigs 
Giessen et al. Netherlands (extensive 178 5.62% ELISA 
2007) system) 
Pigs (from á 
households) e Za 
Pigs (di- 5 
(Belfort-Neto Brazil/ aphragm) x cd 
: PCR 
et al. 2007) Erechim Pigs 
8 50 66% 
(tongue) 
(Huong and : ; ^ 
Dubey 2007) Vietnam Pigs 587 27.2% MAT 
: Brazil/ Sao 
(Caporali et al. : B IFAT and 
2005) Paulo/ Pigs 759 66.67% MAT 
Pernambuco 
; 37.596 MAT 
(Cavalcante Brazil/ Pigs 80 
et al. 2006) Rondonia 43.7% IFAT 
(Hill et al. 2006) USA Pigs 69 56.52% ELISA 
(de Sousa et al. . i 
2006) Portugal Pigs 333 15.6% MAT 
(Thiptara et al. ; Piglets (17 i 
2006) Thailand days old) 14 71.43% LAT 
(F lamera, Serbia Pigs 605 28.9% MAT 


2006) 
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Table 


6. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
(Schulzig and : " 
Fehlhaber 2005) Germany Pigs 100 5.6% Serology 
(Hove et al. : : o 
2005b) Zimbabwe Pigs 474 35.7196 IFAT 
(Damriyasa and | Germany/ Sows ó 
Bauer 2005) Munsterland (farms) 1990 R ELIDA 
85.7% MAT 
(Gamble et al. USA Pigs 70 
2005) 88.6% ELISA 
(de A Dos ' 
Santos et al. dL LINE Pigs 286 17% MAT 
2005) 
(Venturini et al. . " 
2004) Argentine Sows 230 37.8% MAT 
(Tsutsui et al. : . é 
2004) Brazil/Parana Pigs 521 15.35% IFAT 
(Fialho and de Brazil/Porto . 20% IFAT 
Araujo 2002 Al Figs sS o 
jo 2002) egre 33.75% IHA 
(Saavedraand ^ Peru/Lima Pigs 137 27.7% Western 
Ortega 2004) USA/Georgia 152 16.4% bloot 
(Damriyasa o 
et al. 2004) Germany Sows 2041 1976 ELISA 
(Fanetal.2004) Taiwan Pigs 111 28.8% LAT 
(Silva et al. : ' ó 
2003) Brazil Pigs 115 86.08% MAT 
(ebihaher etal -ening Pigs 1005 20.5% ELISA 
2003) 
(Ortega et al. : T 
2003) USA/Peru Pigs 137 28% IB 
(Dubey et al. f m Inoculation 
2002c) Massachusetts Pigs 55 92.72% "uu 
(Inoue et al. : : A 
2001) Indonesia Pigs 208 6.4% LAT 
(Vostalová etal. Czech : š 
2000) Republic Pigs 787 0.5% RFC 
OEE dein Pigs ^ ^ —— 39% ELISA 


et al. 2000) 
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Table 6. Cont. 


Examinated Positive 


(author Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
Brazil/Sao P 
(Suaréz-Aranda Paulo Pi 300 9.6% 
et al. 2000) 188 ELIDA 
Peru/Lima 96 32.3% 
T i 2.03% IFAT 
(Venturini et al. Argentine Pigs l 738 
1999) (abortions) 1.35% MAT 
“a sa. USA/Ilino’s Pigs 174 31% MAT 
(Camblevetal: ewe Enohnd “Pigs 1897 47 A% MAT 
1999) 
(Gajadhar et al. ; " 
1998) Canada Pigs 2800 8.57% LAT 
(Davies et al. USA/North Pigs " 
1998) Carolina (fattening) NP aUe BUR 
Georgia/ 
(Dubeyeral Ossabaw Pigs 1264 0.9% MAT 
1997) 
Island 
(Dubey et al. € Pigs é 
1995a) USA/ Illinois (fattening) 4252 2.3% MAT 
(Dubey et al. o 
1995b) USA/Iowa Sows 2617 15.1% MAT 
oe etal USA/Illinois Sows 30 19.5% Serology 
(van Knapen : ó 
et al. 1995) Netherlands Sows —— 30.9% Serology 
(Edelhofer : l 5 
1994) Austria Pigs 4697 13.7% IFAT 
ETa — aea Pigs 11842 23.9% MAT 
1991) 5 ids 
Pigs ü 
(Zimmerman (fattening) 2100 5.4% 
et al. 1990) USA/Iowa 8 ELISA 
Sows 616 11.4% 
WILD BOARS (Sus scrofa) 
ae otal a THO bone 6 76.9% ELISA 
Wild boars— 
(Bier et al. 2020) Germany anden ud 24.4% ELISA 


or thoracic 
fluid 
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Table 6. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 

(Laforet et al. Denmark Wild boars 101 29.796 ELISA 
2019) 
(Malmsten erat Sweden Wild boars 276 2996 ELISA 
2018) 
(Roqueplo et al. : ^ 

France/ Var Wild boars 841 16.896 MAT 
2017) 
(Waap et al. ; ^ 
2016) Portugal Wild boar 26 7.7% DAT 
iud et al. Sweden Wild boars 1327 49.5% ELISA 
(Coetho:ek al. Portugal Wild boars 97 20.6% MAT 
2014) 
(Deksne and . Wild boars 5 
Kirjušina 2013) Latvia (meatjuice) 6 eee ERDA 
(Jokelainen et al. Finland Wild boars 197 33% DAT 
2012a) 
(Hotea et al. Romania/ ; 3 
2011a) Timis County Wild boars 52 94.23% ELISA 
(Berger-Schoch Switzerland Wild boars 150 0.7% PCR 
et al. 2011) 
(Richomme : " 
et al. 2009) France Wild boars 148 17.6% MAT 
(Fornazarietal. Brazil/Sao 1 " 
2009) Paulo Wild boars 306 4.5% MAT 
(Antolová etal. Slovak : ò 
2007) Republic Wild boars 320 8.1% ELISA 
(Omata et al. Japan/ . z 
2005a) Shikoku Wild boars 115 0% ELISA 
(Bártová et al. Czech : A 
2006) Republie Wild boars 565 26.2% IFAT 
(aaaea Spain Wild boars 507 38.4% MAT 
2005) P D 
(Nogami et al. Japan/ ' ò 
1999) uon Wild boars 108 5.696 LAT 


Source: Table by authors. 


Garcia et al. (2008) tested four serological methods and PCR for the diagnosis of 


ocular toxoplasmosis in pigs. Eighteen pigs of different breeds were experimentally 
infested with 4 x 104 T. gondii oocysts and were euthanized at 60 days. Serum, 
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aqueous humor and retinal samples were collected. Serum and aqueous humor were 
tested by IFAT, MAT, ELISA, IB and retinal samples by PCR. Of all four serological 
methods, Ig G antibodies were found to be higher in serum than in aqueous humor. 
Through PCR, the parasite could be isolated from three samples. This suggests 
that serological methods alone, or PCR as the only method for determining ocular 
toxoplasmosis, are not sufficient. These methods must be corroborated to obtain a 
real result (Garcia et al. 2006a, 2006b). 

Kijlstra et al. (2008) draw attention to the role of rodents in transmitting T. gondii 
infection to pigs. They tested various rodent species from three farms in the Nether- 
lands via PCR and identified a prevalence of 10.3% in Rattus norvegicus, 6.5% in 
Mus musculus, 14.3% in Apodemus sylvaticus and 13.6% Cricidura russula. Within the 
three farms, a rodent control campaign was applied for a period of 4 months. The 
prevalence of T. gondii infection in pigs varied between 8 and 17%, decreasing during 
the 4 months to values between 0 and 10%. After the end of the rodent control 
campaign, in two farms, the prevalence was 0*6, and in the third farm, the infection 
started to reappear after a while. This study proves the importance of rodents in 
transmitting T. gondii infection to humans and animals, acting as a reservoir for this 
parasite (Kijlstra et al. 2008). 

Srikitjakarn et al. (2008), at the International Congress of Infectious Diseases, 
showed a decrease in the prevalence of T. gondii infection in pigs over the years. 
Serum samples from small, medium and large (industrial) farms in northern Thai- 
land were tested. The LAT showed a prevalence of 7%, less than five times the 
prevalence shown 15 years ago. The ELISA showed a prevalence of only 0.2% 
(Srikitjakarn et al. 2008). 

The LAT method was also tested by Jiang et al. (2008) in China, highlighting the 
specificity, stability and reproducibility of the method. Jiang pointed out that LAT is 
suitable for the early determination of anti-Toxoplasma antibodies (Jiang et al. 2008). 

In addition to the data described, the prevalence of T. gondii infection in pigs 
has been studied by many well-known authors in the field in different countries 
(Table 6). 

In order to obtain a low prevalence of T. gondii infection in pig farms, farm man- 
agement, especially hygiene conditions, should be corrected with the introduction of 
mechanized cleaning, as well as the control of rodents and other species of mammals 
and birds on farms (Dubey 2009c; Dubey et al. 2014a). Rigorous and permanent 
control of rodents on animal farms for human consumption could be a solution to 
prevent toxoplasmosis in humans. As far as consumers are concerned, they should 
be informed of the risk of transmitting T. gondii infection through the handling of raw 
meat or the consumption of insufficiently heat-treated meat or meat preparations. 


Domestic Birds 
Chickens 


Chickens (Gallus domesticus) raised on the ground are a potential source of 
infestation due to their increased level of exposure to environmental oocysts. All 
three genotypes of T. gondii could be isolated from the tissues of naturally infected 
chickens. Usually, these birds do not develop clinical signs of the disease, even 
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after oral administration with a large number of oocysts. Egg production can be 
adversely affected in eggs infested with a large number of oocysts, but T. gondii is 
not transmitted through eggs. Toxoplasmosis does not occur on new farms, where 
chickens are raised in the barn without access to the outside. In a recent study by 
Dubey (2005) (cited by Weiss and Kim 2004), 2094 poultry samples were tested in 
major supermarkets in the United States, and none could be identified in the parasite 
(Weiss and Kim 2004). 

Most studies on Toxoplasma gondii infection in chickens have focused on estab- 
lishing seroprevalence as well as genetic characterization of isolates (Table 7). This 
is due to the fact that a very high genetic diversity of T. gondii has been observed in 
chickens. 

The author of most studies on chickens is Dubey. In 2006, Dubey et al. estab- 
lished the prevalence of T. gondii infection in chickens in Nicaragua, Central America. 
The authors tested 98 chickens (by MAT) and obtained a prevalence of 85.7%. Tissue 
samples (heart and brain) were inoculated into seronegative cats and mice, yielding 
48 isolates. They were classified into eight genotypes, especially types I, II, III or 
a combination thereof. It was observed that several genotypes were isolated from 
chickens in the same yard, suggesting that multiple genotypes may "circulate" in 
the same environment. This explains the increased frequency with which mixed 
infections (with several genotypes) were identified on the same individuals (Dubey 
et al. 2005b, 2006f). 


Table 7. Seroprevalence of T. gondii infection in domestic birds. 


Author Name Examinated Positive 


Location Species Samples Samples Methods 
Tian (No.) (20) 
(Chaklu et al. ae Backyard * 
2020) Ethiopia kiekens 384 72.4% LAT 
cast g ose 
(Rodrigues et al. 
2019) Porte Indoor MAT 
broiler 170 0 
chickens 
(Pardini et al. Argentina/ ba 33 30.3% Nested- 
2016) Misiones pna PY PCR 
brain tissue 
(Beltrame etal. ^ Brazil/ Free-range ei 40.476 IHAT 
2012) Espirito Santo chickens 38.8% MAT 
Brazil / 
ese : D etal Fernando de Hens (free 50 84% MAT 
4 Noronha bred) 
Cerean — ell Chickens 65 43.0796 MAT 


2010) 
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Author Name 


Table 7. Cont. 


Examinated Positive 


Location Species Samples Samples Methods 
oean (No.) (20) 
Hens (free 38.1% 
bred) 
(Harfoush and Sse a 
Tahoon 2010) gypi Ducks 55% IHAT 
Turkeys 29.4% 
Chickens 217 0% 
Chickens 293 0.34% 
(Bártová et al. Czech (broilers) mur 
2009b) Republic Ducks 360 14% 
Geese 178 43% 
Turkeys 60 0% 
Hens: (free 361 11.4% 
bred) 
Hens: 244 4.1% 
(Yan et al. 2009) Guangdong (raised in MAT 
battery 
cages) 
Ducks 349 16% 
Hens: (free 308 34.7% 
bred) 
(Zhu et al. 2008) China Hens: 210 2.8% ELISA 
(raised in 
battery 
cages) 
(Dubey et al. Brazil/Rio o 
2007e) Grande do Sul Hens et sone MAL 
(Dubey et al. 

T 
2006e) Portugal Hens 225 27.11 MA 
(Dubey et al. Brazil / 5 
2006g) Xa Hens 50 66% MAT 
(Dubey et al. USA/Costa à 
2006b) Rica Hens 114 40.1% MAT 

Hens (from 28 53.6% 
E h hold 
(Brandao et al. Brazil/Minas E Serology 
2006) Gerais Hens 50 0% 
(intensive 


system) 


64 


Table 7. Cont. 


Examinated Positive 


aes Fame Location Species Samples Samples Methods 
(No.) (%) 

SEY, Die Peru Hens 50 2096 MAT 
s eed ra Austria Hens 830 36.396 MAT 
i 4 a sta India/Grenada Hens 102 52% MAT 
ae ve Mexico Hens 208 6.2% MAT 
(Sreekumar Indi F vi v TE 

et al. 2003) ri ens 996 

ae P Brazil/Parana  Hens 40 40% MAT 


Source: Table by authors. 


The same author, Dubey (Dubey et al. 2007a) conducted a study on poultry 
in a single yard in Illinois, USA. He identified three chickens with neurological 
signs (torticollis, inability to maintain balance, walking sideways). One of the hens 
was examined post mortem and the presence of non-suppurative encephalitis was 
observed, with numerous T. gondii tachyzoites, free and trapped in the tissue. The 
other 11 chickens and 1 goose from the same yard were examined serologically (by 
MAT) to identify T. gondii infection. All birds developed a positive response. Tissue 
inoculations (heart, brain and skeletal muscle) were performed on mice and viable 
forms of T. gondii were identified. All isolates belonged to genotype II (Dubey et al. 
20074). 

In 2008, Dubey et al. examined 151 chickens from Brazil and obtained 58 
genotypes. The results confirm the genetic diversity of T. gondii isolates in Brazil 
(Dubey et al. 2002c, 2008d). 

The role of birds in transmitting the infection to humans, through eggs or 
infested meat, is not fully clarified, requiring further study. 


Turkeys 


Domestic turkeys (Meleagris gallopavo) infested with oocysts of T. gondii do not 
show clinical forms. However, some may have Aspergillus-associated pneumo- 
nia, and the parasite may have been isolated from their chest and thighs. Clinical 
toxoplasmosis does not occur in modern turkey-intensive farms (Weiss and Kim 
2004). 


Ducks and geese 


Domestic ducks (Anas platyrhynchos) infested with T. gondii oocysts show no 
clinical signs, but genotype II of the parasite could be isolated from some naturally 
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infected ducks. Regarding goose infection, there are no data on the isolation of 
parasitic forms or on trials of experimental infection (Weiss and Kim 2004). 


Pigeons 


These birds coexist with humans in both rural and urban areas. Pigeon meat, 
eaten by humans or other carnivorous species, can be a source of Toxoplasma gondii 
infection. de Lima et al. (2011) tested 238 samples from pigeons in Sao Paolo, Brazil. 
Serological tests (MAT) showed a prevalence of 5%. These data confirm the presence 
of the parasite in this species, but with a low prevalence (de Lima et al. 2011). 

Waap et al. (2008) genetically characterized T. gondii isolates obtained from 
pigeons in Lisbon, Portugal. Six-hundred and ninety-five pigeons from the city were 
examined by DAT, and a prevalence of 4.6% was obtained. Twelve isolates belonging 
to types I, II and III were identified. These data indicate the worldwide distribution 
of this parasite. Birds are considered a good indicator for soil infection with T. gondii, 
due to their tendency to feed directly from the soil (Waap et al. 2008). 

Toxoplasmosis in pigeons has been reported by other authors (Table 8). 


Table 8. Seroprevalence of T. gondii infection in pigeons. 


Examinated Positive 


(Author Location Species Samples Samples Methods 
Name/Year) 5 
(No.) (%) 
(Cano-Terriza : ; é 
et al. 2015) Spain Feral pigeon 142 9.2% ELISA 
(Waap et al. Portugal/ ; j 
2012) libon Pigeons 1507 2.6% DAT 
(anes vein: eiuer Pigeons 275 18.2% MAT 
Guangdong 
(Salant et al. : F 
2009a) Israel Pigeons 495 4% MAT 
(Piasecki et al. ' g 
2004) Poland Pigeons 230 74.8% LAT 
Source: Table by authors. 
Horses 


Anti-Toxoplasma antibodies have been identified in horse serum by several au- 
thors (Table 9). In 2007, Tassi reviewed details about the pathology and epidemiology 
of toxoplasmosis in horses, aspects previously described by other authors (Tassi 
2007). Clinical forms of toxoplasmosis have not been described in horses, but some 
researchers have attempted to identify the degree of involvement of T. gondii in some 
cases of encephalomyelitis (Dubey et al. 1999a; 2001; Turner and Savva 1991). 
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Table 9. Seroprevalence of T. gondii infection in horses. 


Examinated Positive 


(author Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
(Rissanen etal. Ukraine/ " 
2019) Kyiv, Lviv Horses 76 7.9% ELISA 
Horses 
475 27.3% 
i etal. Brazil/Bahia (Farms) IFA 
Donkeys 33 72.7% 
(Ouslimani et al. : Horses 3 
2019) Algeria (Parme) 736 18.196 LAT 
(Schale et al. " Western 
2018) USA/Eastern Horses 101 14.9% Blot 
(Xing et al. : T Horses ð 
2018) China/Xinjiang (Farms) 409 5.4% ELISA 
(Guerra et al. Brazil/ Horses " 
2018) Pernambuco (Farms) d "ee MAN 
(James et al. USA/ Horses à 
2017) California (Clinics) ios a ER 
(Klun et al. Serbia/ Horses a 
2017) Northern (Abattoirs) wo TORIS MAT 
Horses o 
(Bártová et al. eee (Farms) 120 24% 
2017b) nee IFA 
Donkeys 24 17% 
Tor ME etal Japan Horses 783 5.1% LAT 
(Razmi et al. Iran/ 7 
2016) Khorasan Horses 100 14% IFA 
(Cazarotto etal. Brazil/Santa Horses 5 
2016) Catarina (Farms) s BARN ne 
(Pastiu et al. : Horses 37.896 MAT 
2015a) Bomania (Abattoirs) ap 
39% ELISA 
(Papini et al. Italy/La Horses " 
2015) Spezia (Abattoirs) s Tun IEA 
(Aroussi et al. o 
2015) France Horses 136 58.4% ELISA 
(Mancianti et al. Horses 5 
2014) Italy / Tuscany aims) 44 25% IFA 
(Ayinmode etal. Nigeria/ $ 
2014) St sete Horses 157 14% MAT 
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Table 9. Cont. 


Examinated Positive 


(author Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
(Lee et al. 2014) Korea Prees 816 2.9% ELISA 
(Farms) 
(Dubey et al. o 
2014b) USA Donkeys 373 6.4% MAT 
(Lopes et al. Portugal/ d 
2013) North Horses 173 13.396 MAT 
(Asgari et al. Horses 5 
2013) Iran/Fars (Farms) 35 40% MAT 
(Finger et al. Brazil / ó 
2013) Paraná Carthorses 100 17% IFA 
I Horses 454 10.8% 
(Garcia- Spai 
Bocanegra et al. pain/ Donkeys 82 25.6% MAT 
2012) Andalusia 
Mules 80 15% 
(Alvarado- . : 
Esquivel et al. und rm 495 6.1% MAT 
2012c) 5 
Brazil / 
(Costa etat Fernando de Horses 16 43.7% MAT 
2012) 
Noronha 
Romania/ 
Bt s etal Caras-Severin Horses 650 32.77% ELISA 
County 
(Hotea et al. Romania/ n 
2011a) Arad County Horses 950 29.79% ELISA 
(Hotea et al. Romania/ - 
2011a) Tiris County Horses 1400 37.92% ELISA 
Horses 753 1.7% 
as et al. Greece Mules 13 7.7% ELISA 
Ponies 7 0% 
ao Pera Turkey/Nigde Horses 125 7.2% SFDT 
(Haridy et al. ; 5 
2010) Egypt/Cairo Donkeys 100 45% ELISA 
(Goez et al. Turkey/ " 
2007) Hakkari Horses 74 28.4% THA 
(Güçlü et al. Turkey / " 
2007) AULAS Horses 100 28% SFDT 
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Table 9. Cont. 


Examinated Positive 


(author Location Species Samples Samples Methods 
Name/Year) , 

(No.) (96) 
(Naves et al. ; A 
2005) Brazil Horses 117 12.82% IFAT 
(Jakubek et al. ^ 
2006) Sweden Horses 414 196 MAT 

, Brazil/ 
(Silva 2005) Horses 150 1.33% IHA 
Pantanal 

(Sevgili et al. Turkey / n 
2004) Sanhurfa Horses 93 7.5% SFDT 
ee Turkey/Kars ^ Horses 189 20.6% SFDT 
2023) 
(Dubey et al. USA/ : 5 
20033) Wyoming Wild Horses 276 0.36% MAT 
(Gupta et al. South á 
2002) Korea/Jeju Horses 191 2.6% IFAT 
C paseta Turkey/ Kars Horses 111 1.8% SFDT 
2001) 
(Wyss et al. : " 
2000) Switzerland Horses 120 4% ELISA 
(Dubey et al. North » 
19993) pees Horses 1788 6.9% MAT 
(Dubey et al. : ó 
1999b) Brazil Horses 101 15.84% MAT 
(Garcia E bah Brazil/Parana Horses 173 12.1% IFAT 
1999) 
(Dubey et al. ; o 
1999c) Argentine Horses 76 13.1% MAT 
E Bayen Egypt/Monofia Donkeys 121 65.6% ELISA 
(Gazeta et al. Brazil /Rio de Potens 430 4.4% IFAT 
1997) Janeiro 
nS Karaer Turkey/Gemlik Horses 103 2% SFDT 
(Hejlicek and Czech n 
Literak 1994b) Republic Forges ane ee: SEDE 
(Uggla et al. " 
1990) Sweden Horses 219 196 ELISA 


Source: Table by authors. 


69 


In England, Turner and Savva (1990, 1992) identified T. gondii DNA in the 
placenta of an aborted mare, and later, Marques et al. (1995) attempted to demonstrate 
transplacental transmission to this species (Turner and Savva 1990, 1992; Marques 
et al. 1995). He experimentally infested nine pregnant mares with T. gondii oocysts, 
and then was able to isolate the parasite from the tissues of the foals. 

Horses appear to be resistant to experimental infection with 1 x 104 or 1 x 
10? oocysts (Weiss and Kim 2004), but administration of 20 million and 32 million 
tachyzoites of the RH strain to two horses, respectively, resulted in fever within 
the first 4-8 days (Ghazy et al. 2007). On days 6-12 p.m. the animals showed an 
anti-Toxoplasma immune response, but on day 30 p.i., antibodies could no longer be 
detected (Sposito Filha et al. 1992). 

Güçlü et al. (2007) tested 100 clinically healthy horses from sports breeds. The 
horses came from Ankara, Turkey. Serum samples were tested by the SFDT technique 
and a seroprevalence of 28% was obtained, with a positivity of 30.7% in males and 
20% in females. It is believed that the animals became infected as a result of contact 
with soil contaminated with T. gondii oocysts (Figure 10). The high prevalence 
obtained indicates the need for further studies regarding the ability of the parasite to 
form cysts in the meat of horses destined for slaughter (Giiclii et al. 2007). 


Figure 10. Breeding conditions for horses. Source: Photos by authors. 


The increased prevalence obtained by these studies draw attention to the pos- 
sibility of transmitting T. gondii infection to humans or other animals through the 
consumption of insufficiently heat-treated meat or meat preparations (Table 9). 


Cattle 


Clinical toxoplasmosis in cattle is rare, and Toxoplasma-induced abortion is 
unusual. Many of the data on abortion are currently considered to be due to infection 
with Neospora caninum. The intention to isolate the parasite from HIV-positive cattle 
has failed, pointing out that beef preparations are not a very important source of 
infection for humans. In the United States, 2094 beef samples were withdrawn from 
supermarkets and an attempt was made to isolate the parasite, but without positive 
results. However, tissue cysts may remain viable in cattle for more than 1191 days. 
In these cases, additional studies appear to be needed (Weiss and Kim 2004). 
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Moré et al. (2008a, 2008b) established the prevalence of Sarcocystis cruzi, Neospora 
caninum and Toxoplasma gondii infections in cattle in Argentina. Ninety beef cows 
were examined by IFAT and the following prevalence results were obtained: all 
cows responded positively for S. cruzi, 73% for N. caninum and 91% for T. gondii. 
Diaphragm, esophagus and myocardial samples from seropositive animals were 
examined directly under a microscope, in histological preparations, by immuno- 
histochemistry (IHC) and PCR. S. cruzi was identified in all myocardial samples. 
T. gondii and N. caninum were not identified by IHC, and Toxoplasma gondii DNA was 
identified in two myocardial samples from the 20 HIV-positive animals. N. caninum 
DNA could not be identified. Infections associated with the three parasites were 
observed in 70% of the examined cows, infections with T. gondii and S. cruzi in 21% 
and N. caninum and S. cruzi in 34% (Moré et al. 2008a, 2008b). 

Moore et al. (2008) highlighted the role of Neospora caninum and T. gondii infec- 
tions in spontaneous abortions of cattle in Argentina. Based on the histopathological 
results, it was considered that, in 70 of the cows, the cause of the abortion was 
parasitic, out of a total of 666 cattle that suffered spontaneous abortions. Nerve tissue 
samples (IFAT, IHC or PCR) from aborted fetuses were tested for N. caninum infection 
and 66 (9.9%) tested positive. T. gondii infection could not be diagnosed in any of the 
abortions. This study highlights the hypothesis that N. caninum infection is one of 
the common causes of miscarriages in cattle, but not T. gondii infection (Moore et al. 
2008). 

In addition to the data described above, the prevalence of T. gondii infection 
in catlle has also been studied by other well-known authors in the field in other 
countries (Table 10). 


Table 10. Seroprevalence of T. gondii infection in cattle. 


Examinated Positive 


(Author Location Species Samples Samples Methods 
Name/Year) s 
(No.) (%) 
(Sah et al. 2018) Bangladesh Cattle 252 8.33% ELISA 
Jokclatien eke conia Cattle 3991 18.62% DAT 
2017) 
(Allén 2016) Finland Cate (meat: 556 7.5% ELISA 
juice) 

(Lopes et al. Portugal/ Ü 
2013) North Cattle 161 7.5% MAT 

Romania/ 
(oi agal Caras-Severin Cattle 1100 17.9% ELISA 
2011a) 

County 
(Hotea et al. Romania/ " 
2011a) Arad County Cattle 850 14.2396 ELISA 
ONSE Romana o Cattle 1500 25.4% ELISA 


2011a) Timis County 
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Table 10. Cont. 


Examinated Positive 


(author Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
(Berger-Schoch : o 
et al. 2011) Switzerland Cattle 406 4.7% PCR 
(Costa et al. Brazil/Sao Cattle à 
2011) Paulo (pregnant) x id d 
Te T (farm 638 22.7% 
d ^ SEA ee qe Netherlands Care it ELISA 
Be: iac 54.5% 
2) 
U andeo gak Spain/Galicia Cattle 178 7.3% DAT 
2010) 
(Santos et al. : f Cattle " 
2010) Brazil/Bahia aean 100 26% IFAT 
(Santos et al. Brazil/Mato Cattle à 
2009) Grosso (dairy) x axe ee 
2 France/ 
een omen Champagne- Cattle 1329 7.8% MAT 
et al. 2009) 
Ardenne 
T ed Q8 15.81% 
fes et al. Turkey i SFDT 
wane 323 31.36% 
(pregnant) 
pe 262 2.3% 
(dairy) 
(Yu et al. 2007) China IAT 
Cattle 10 0% 
(meat) * 
(Albuquerque Brazil/Rio de 5 
et al. 2005) Janeiro Cattle 589 65% IFAT 
(Klun et al. i ó 
2006) Serbia Cattle 611 76.396 MAT 
(Meireles et al. Brazil/Sao " 
2003) Paulo Cattle 200 11% ELISA 
(Karatepe etal. Turkey/ » 
2004) Nigde Cattle 100 47% SFDT 
Ort t al. USA 76 43% 
Cee Cattle 1B 
Peru 253 50% 
(van Knapen Netherlands — Catg 189 27.9% Serol 
et al. 1995) etherlands attle .996 erology 


Source: Table by authors. 
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Following these studies, attention is drawn to existing co-infestations in cattle, 
infections that cause a decrease in the number of products (in neosporosis), confisca- 
tion of meat in slaughterhouses (in sarcocystosis) or the possibility of transmission to 
consumers (Figure 11). 


Figure 11. Cats access in cattle shelters. Source: Photos by authors. 


Water buffaloes 


The natural infection with the expression of the clinical form of the disease could 
not be identified in buffaloes (Bison bison, Bubalus bubalis, Syncerus caffer) and the 
parasite could not be isolated from these species (Weiss and Kim 2004). Yu et al. (2007) 
tested 40 buffaloes in China and did not identify any positive evidence (Yu et al. 2007). 
Additionally, Hotea et al. (2011a) analyzed serological samples from 92 buffaloes, 
from Romania, using the ELISA technique, and none of the investigated samples 
showed anti-Toxoplasma antibodies (Figure 12) (Hotea et al. 2011b). Although these 
species are considered resistant to T. gondii infection, Gencay et al. 2013 identified 
tissue cysts in buffalo meat in 3 of 20 examined samples (15%) (Gencay et al. 2013). 


Figure 12. Water buffaloes raised in Romania. Source: Photos by authors. 


Camels 


An episode of acute toxoplasmosis was identified in a 6-year-old camel (Camelus 
dromedarius). The dominant symptom was dyspnea, and tachyzoites could be identi- 
fied in the lungs and exudates. Toxoplasma gondii could also be isolated from camel 
meat (Weiss and Kim 2004). 


73 


Llama, alpaca and vicufia 


Experimental studies indicate that llama (Lama glama) is resistant to T. gondii 
infection, even if inoculation was performed during pregnancy. Natural infections 
with T. gondii have not been observed in llama, alpaca (Lama pacos) or vicuna (Lama 
vicugna) (Weiss and Kim 2004). 

In the world, the prevalence of T. gondii infection in these species is varied 
(Table 11). 


Table 11. Seroprevalence of T. gondii infection in llama, alpaca and vicufia. 


(Author Examinated Positive 


Name/Year) Location Species m m A Methods 
(Moré et al. 
2008a, Argentine Llama (Lama glama) 308 30% IFAT 
2008b) 
Peru Alpaca CMT nA) e 3.44% 
(Wolf et al Llama (Lama glama) 
i IFAT 
2005) Germany 2r Deme G5 43.75% 
(Chavez- Llama (Lama glama) 43 55.8% 
4 P IFAT 
ee ie Vicuna (Vicugna 200 5.59, 
et al. ] :2 /o 
vicugna) 
(Gorman . " 
et al. 1999) Chile Alpaca (Lama pacos) 447 16.376 IFAT 
Source: Table by authors. 
Minks 


Acute toxoplasmosis with abortion has been found in farm mink (Mustela vison) 
in Europe and the United States. At one of the farms, the consumption of fresh, 
unfrozen slaughterhouse organs was incriminated. Toxoplasma gondii has also been 
isolated from wild minks in the United States (Weiss and Kim 2004). 

An episode of acute toxoplasmosis was reported by Frank, 2001 on a Wisconsin 
farm, when 26% of the 7800 minks miscarried or gave birth to dead chicks. Cy- 
tomegalovirus infection could not be identified, which had happened a year earlier. 
T. gondii infection was confirmed histopathological, with lesions in the brain, heart, 
liver and lungs. Tachyzoites were identified in these lesions, and final confirmation 
was made via immunohistochemistry (Frank 2001). 

Toxoplasmosis in minks has been reported in other countries (Table 12). 
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Table 12. Seroprevalence of T. gondii infection in minks. 


Examinated Positive 


(Author Name/Year) Location Species Samples Samples Methods 
(No.) (%) 

S buedaehaly Chile Minks 30 70% LAT 

2011) 

(Smielewska-Los and ' " 

Turniak 2004) Poland Minks 961 13.976 LAT 

(Arnaudov 2003) Bulgaria Minks 156 12.276 ELISA 

ee fal Denmark | Minks 195 3% LAT 


1994) 
Source: Table by authors. 


4.6.2. T. gondii Infection in Pets 


Ferrets 


Congenital toxoplasmosis has also been observed in domestic ferrets (Mustela 
putorius furo) in New Zealand and 13% of chickens have died from the acute form of 
the disease (Weiss and Kim 2004). An epizootic episode of toxoplasmosis was found 
in a ferret population (Mustela nigripes) in zoos in Kentucky, United States, when 
22 adults and 30 chicks died of acute toxoplasmosis and 13 adults also died due to 
the chronic form of the disease. Nineteen adults and six pups showed symptoms 
such as anorexia, corneal edema and ataxia. Paraclinical (by MAT and LAT), very 
high titers of anti-Toxoplasma antibodies were observed, and the confirmation of 
the infection was made by immunohistochemical technique and ultrastructural 
examination (Burns et al. 2003). A similar case of toxoplasmosis was reported in New 
Zealand (Dubey 2010) when 270 ferrets out of 750, died within a few weeks with no 
apparent clinical signs. Myocarditis and hepatitis were the main lesions identified. 


Cats 


All domestic cats, of any age, sex or breed, are susceptible to T. gondii infection. 
Transplacental or lactogenic infected kittens can eliminate oocysts, but the prepatent 
period is 3 weeks or more due to the fact that the infection occurs with tachyzoites. 
Domestic cats under the age of one eliminate a very large number of oocysts. Cats 
born or raised outside their homes are infected with T. gondii immediately after they 
are weaned and begin to hunt. 

Cell-mediated intestinal immunity to T. gondii is very strong in cats that have 
eliminated oocysts. The first infection in cats does not cause immunosuppression. 
Antibodies in the blood do not play a very important role in resistance to intestinal 
infection. Oocysts begin to be excreted in the feces before the appearance of Ig M, Ig G 
and Ig A immunoglobulins in the blood. Most cats that once eliminated oocysts will 
not re-eliminate oocysts on new contact with the parasite, with intestinal immunity 
lasting 6 years in 55% of the cats studied (Weiss and Kim 2004). 

Recent research (Weiss and Kim 2004) has attempted to identify types of T. gondii 
isolated from naturally infected cats. Dubey et al. (2004c) were able to isolate 37 
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types of T. gondii from 54 cats in Parana, Brazil (Dubey et al. 2004c). Of the 37 isolated 
types, 15 were genotype I and 22 were genotype III. In these cases, the parasite was 
more frequently isolated from the heart than from the brain. Genotype II was isolated 
from two of two cats tested in Mississippi. Pena (2006) (cited by Weiss and Kim 2004) 
isolated the parasite from the tissues of 47 of 71 cats in Sao Paolo, Brazil. Of these, 34 
were genotype I, 12 genotype III, and a mixed one, genotypes I and III (Weiss and 
Kim 2004). 

Theoretically, cat owners and veterinarians are believed to be most at risk of 
developing toxoplasmosis, but serological studies do not confirm this claim. Research 
shows, however, that cat owners are less at risk, but studies continue. Attempts have 
also been made to make correlations between people who own cats or those who 
come into contact with cats and people who are positive for Toxoplasma infection. 
Some correlations came out positive, others negative. This emphasizes that taking 
measures regarding contact with cats is not necessarily a prevention of T. gondii 
infection (Weiss and Kim 2004; Dubey et al. 20142). 

Pregnant women or immunocompromised people should not change the sand 
in cat litter. If the feces are discarded daily, the oocysts will increase. Oocysts last in 
the soil for years and can be spread, by chance, with various maneuvers performed 
on the ground or through vector hosts. In 1979, Teutsch (cited by Weiss and Kim 
2004) described an episode of Toxoplasma infection in people who participated in a 
horse race (Weiss and Kim 2004). The oocysts are thought to have been inhaled from 
high dust on the runway. However, oocysts do not stay in the air for a long time, 
so inhalation infestation is rare. Washing fruits and vegetables, as well as wearing 
gloves during gardening, are measures to prevent exposure to Toxoplasma gondii 
oocysts (Figure 13). 


Figure 13. Cats freely living in households. Source: Photos by author. 


Oocysts could not be isolated from the fur of oocyst-eliminating cats, so stroking 
cats is not a risk of infection. Additionally, tachyzoites are not present in the oral 
cavity of oocyst-eliminating cats, so cat bites are not a risk factor; nor do their 
scratches present danger of infestation (Weiss and Kim 2004). 

Salant et al. (2007) developed a copro-diagnostic PCR method in toxoplasmosis. 
The study started from the premise that microscopic examination of feces is not 
sensitive enough to observe T. gondii oocysts. Additionally, inoculation on laboratory 
animals takes a long time and is expensive. Based on these considerations, the author 
adapted a PCR method to determine the DNA of fecal T. gondii oocysts. Of the 122 
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fecal samples obtained from cats in Jerusalem, 11 positive results were found, while 
microscopic examination did not show any positive samples (Salant et al. 2007). 

It should be noted that cats begin the elimination of oocysts before antibodies 
form in the blood. This PCR method thus becomes very important in establishing an 
early diagnosis and the acute phase of elimination of T. gondii oocysts. Given that 
infestation of humans and animals is often achieved through contaminated water 
or soil, this method can also be adapted for the determination of T. gondii oocysts in 
water and soil samples. 

In addition to the data described above, the serological prevalence of T. gondii 
infection in cats has also been studied by other well-known authors in the field from 


other countries (Table 13). 


Table 13. Seroprevalence of T. gondii infection in cats. 


(Auth Examinated Positive 
US Location Species Samples Samples Methods 
Name/Year) R 
(No.) (%) 
Portugal/ 
(Neveserale. i adana Cats (pets) 141 30.5% ELISA 
2020) 
Island 
(Qiu et al. China/ A 
2020) Heilongjiang Cats (pets) 352 19.6% IHA 
(Brennan etal. Australia/ ò 
2020) Sydney Cats (pets) 417 39% ELISA 
(Yücesan etal.  Turkey/ Cats (pets ^ 
2019) Ankara and stray) a 59945 Pie er 
(Ybafiez etal. Philippines/ Cats (pets a 
2019) Cebu and stray) We eom ERE 
(Khodaverdi 
and Razmi Iran/Mashhad Cats (stray) 159 59.1% ELISA 
2019) 
(Sroka et al. Poland/ a 
2018) Be re ati Cats (pets) 208 68.8% IFAT 
ore michal: Iran /Shiraz Cats (stray) 145 82.8% MAT 
(Barros et al. Chile/ 5 
2018) caheni Cats (pets) 65 67.6% MAT 
(Hou et al. China/Jiangsu " 
2018) Drones Cats (stray) 64 34.38% ELISA 
(Montoya ' o 
et al. 2018) Spain/Central Cats (stray) 356 24.2% DAT 
(Veronesi et al. : - 
2017) Italy/Perugia Cats (pets) 78 42.3% IFAT 
Mustetal. iad Cats ii 41.1% MAT 


2017) 
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Table 13. Cont. 


(Author Examinated Positive 

Location Species Samples Samples Methods 
Name/Year) $ 

(No.) (%) 

(Yekkour etal.  Algeria/ 6 
2017) Algiers Cats (stray) 96 50% MAT 
(Lopes et al. Angola/ Domestic a 
2017) Luanda cats me oa MAT 
(Tavalla et al. Cats (fecal » 
2017) Iran samples) 486 7.2% PCR 
(Rengifo- 
Herrera etal. Panama Cats (pets) 120 25% ELISA 
2017) 

Brazil/ 
coco Noronha Feral cats 31 58% IFAT 
2016) 

Island 
(Verma et al. USA/ 3 
2016) Anno Cats (pets) 16 56.2% MAT 
(Erkılıç et al. Cats (pets o 
2016) Turkey /Kars and stray) 102 44.1% Dye test 
en pral, Italy /Milan Cats (stray) 82 29.3% IFAT 
(Yang et al. ' ð 
2015) China Cats 42 50% MAT 
(Furtado et al. ; 5 
2015) Brazil Cats (stray) 29 82.8% IFAT 
(deuda Brazil/ Acr Cats (pets) 89 24.7% IFAT 
et al. 2015) B SPEO idus 
(Saevik et al. o 
2015) Norway Cats (pets) 478 41% DAT 
(Silaghi et al. Albania/ A 
2014) Tirana Cats (stray) 146 62.3% IFAT 
D Stal Spain/Madrid Cats (stray) 346 53.4% MAT 
Pio ein Italy /Milan Cats (stray) 78 21.8% IFAT 
2013) 

France/ 
ERa Central and Cats (stray) 29 65.5% MAT 
2013) 

Eastern 

; : Cats (pets 

(Jokelainen Finland/ " 
et al. 2012b) Helsinki and from 490 48.4% MAT 


shelter) 
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Table 13. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) $ 
(No.) (%) 
250) Spa China/Beijing Cats (stray) 64 57.8% MAT 
(Györke etal. Romania/ " 
2011) Cluj-Napoca Cats (pets) 236 47% ELISA 
(Dárábus et al. Romania/ i 
2011a) Woten Cats (stray) 173 66.4% ELISA 
Romania/ 
Hotes etal Caras-Severin Cats 62 77.42% ELISA 
2011a) 
County 
(Hotea et al. Romania/ A 
2011a) Arad County Cats 78 80.77% ELISA 
(Hotea et al. Romania / ó 
2011a) Timis County Cats 265 62.26% ELISA 
(Hsu et al. — o 
2011) Virginia Cats 232 27.15% IFAT 
(Berger- 
Schoch et al. Switzerland Cats i ia 252 0.4% PCR 
2011) samples 
Germany/ 
(Herrmann i PCR- 
et al. 2010) Wuster- Cats 18.259 0.25% RELP 
hausen 
(Mircean et al. Romania/Cluj ò Flotation 
2010) Napoca go B i method 
(Akhtardanesh o 
et al. 2010) Iran Cats 70 32.1% ICA 
(Montoya Spain/ Cu 71 43.6% n-PCR 
et al. 2009) Madrid 33.8% rt-PCR 
(Kamani etal. Nigeria/ á 
2010) Maiduguri Cats 105 36.2% LAT 
Cats (serum M 
(Mancianti Italy/ samples) e Sd Mer 
et al. 2010) Florence 
bd MEE 16% n-PCR 
samples) 
Inoculation 
(Montoya : 64% 
et al. 2009) Spain Cats 64 on mouse 
57.8% PCR 
aie Spain/ 
(Millan et al. . " 
2009) Balearic Cats 59 84.7% MAT 


Islands 
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Table 13. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) i 
(No.) (%) 
(Lee et al. ^ 
2008) South Korea Cats 106 47.296 PCR 
(Titilincu et al. Romania/ A 
2008) Cluj Napoca Cats 50 81.08% ELISA 
(Antoniu et al. Romania/ Cat 42 47.61% IFAT 
2008) Bucharest SE 54.76% ELISA 
(Hornok et al. Hungary/ 3 
2008) Budapest Cats 330 47.6% IFAT 
(Yuet al. 2008)  China/Beijng Cats 335 14.9% ELISA 
(De Craeye ; o 
et al. 2008) Belgium Cats 567 25% IFAT 
(Besné- 
Mérida et al. Mexico Cats 169 21.8% ELISA 
2008) 
(EOpesetab Portugal Cats 204 35.8% MAT 
2008) 5 Pd 
Germany + 16 
(Schares etal. other Cats (fecal F Flotation 
2008) European samples) pee DOES method 
countries 
(Bresciani Brazil/Sao 5 
et al. 2007) Paulo Cats 400 25% IFAT 
(Dubey et al. a » 
20078) China Cats 34 79.4% MAT 
(Salant et al. Cats (fecal " 
2007) Jerusalem Samples) 122 9.0196 PCR 
(JJittapalapong Thailand/ " 
etal. 2007) Bangkok ra e ui Mey 
(Javadi et al. : á 
2008) Iran/Uramia Cats 30 3096 ELISA 
(Chen et al. China/ x 
2005) Caan hou Cats 114 23.7% ELISA 
South Amer- " 
(Dubey 2006) ica Colombia Cats 170 45.2% MAT 
(A anae al India/Granada Cats 40 35% MAT 
2006) 
(Cavalcante Brazil/ Cat 63 87.3% aie 
et al. 2006) Rondonia is ar on 
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IFAT 


Table 13. Cont. 


(Author Examinated Positive 

Location Species Samples Samples Methods 
Name/Year) 4 

(No.) (%) 

(Dubey et al. o 
2005c) USA Cats 58 84.4% MAT 
QUUM Sui Cats (clinic) 12628 31.6% ELISA 
2005) 
(Nutter et al. USA/North Cats (stray) 100 63% SRA 
2004) Carolina Cats (pets) 76 34% 8y 
(Michalski 
and o 
Plate Samora Poland Cats 17 70.6% DAT 
2004) 
2 A es Cats 1062 16.8% ELISA 
(Miró et al. : à 
2004) Spain Cats 585 32.3% IFAT 
(Porqueddu be ó 
et al. 2004) Italy/Sardinia Cats 54 37% IFAT 
(Borkovcova Czech Repub- " Flotation 
2003) lic/Moravia CAPRE] uum Sen method 
(Gauss et al. Spain/ : 
2003) Barcelona Cats 220 45% MAT 
(Schatzberg o 
et al. 2003) New York Cats 7 100% PCR 
(Meireles etal. Brazil/Sao à 
2004) Paulo Cats 100 40% ELISA 
(Dubey et al. ; 6 
2002d) USA/Ohio Cats 275 48% MAT 
(Deren etal Rhode Island Cats 200 42% MAT 
2002) 
(Silva et al. Brazil/Sao * 
2002) Paulo Cats 430 26.7% MAT 

Japan/ 
DE a Kanagaua Cats (pets) 471 8.776 IFAT 
et al. 1998) i 

and Saitama 
iud Etak ayia “Cats (arms): 301 68.3% MAT 


Source: Table by authors. 


81 


Dogs 


In the past, toxoplasmosis in dogs was confused with neosporosis, so many of 
the data reported in the past as Toxoplasma infections are now considered infections 
with Neospora caninum. However, toxoplasmosis also develops in dogs. The clinical 
form is frequently associated with immunosuppression in the case of infection with 
the canine scabies virus, and the clinical signs concern, in particular, the respiratory 
and hepatic systems. Transplacental infection has not yet been identified in naturally 
infected dogs. Dogs are resistant to experimental infection with oocysts or tissue 
cysts (Weiss and Kim 2004; Dubey et al. 2006d; Dubey et al. 2014a). 

The theory has been launched that these species play a major role in transmitting 
the infection to humans. Dogs that ingest oocysts can eliminate them in or around 
homes (Figure 14). It seems that in dogs’ digestive tracts, oocysts are not destroyed by 
gastric enzymes. In experimental infections in dogs with oocysts, parasitic elements 
were found in the feces 2 days after infection. On the other hand, it seems that oocysts 
do not meet the necessary conditions for sporulation on the fur of dogs. So, this 
transmission path is not valid. Schares et al. (2005) identified viable parasitic forms 
in 2 of the 24,089 dogs examined in Germany (Schares et al. 2008). The role of dogs as 
possible vector hosts in the transmission of toxoplasmosis requires further research 
(Weiss and Kim 2004; Dubey et al. 2007b). 


Figure 14. Raising conditions for dogs. Source: Photos by authors. 


The prevalence of T. gondii infection in dogs has been studied by many well- 
known authors in the field in other countries (Table 14). 


Table 14. Seroprevalence of T. gondii infection in dogs. 


Examinated Positive 


(eater Location Species Samples Samples Methods 
Name/Year) a 

(No.) (96) 
(Fábrega et al. ü 
2020) Panama Dogs 319 25.7% ELISA 
(da Cunha . " 
et al. 2020) Brazil/Parana Dogs (pets) 264 7.9% IFA 
(Coelho etal. United Dogs (neu- 201 3.9% IFA 


2019) Kingdom rological) 


82 


Table 14. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) o 
(No.) (%) 
(de Oliveira à ; " 
et al. 2019) Brazil/Bahia Dogs (pets) 61 44.3% IFA 
(Enriquez Argentina/ ó 
et al. 2019) Chica Dogs (pets) 152 55.3% IFA 
(Cong et al. China/ M 
2018) Shandong Dogs (pets) 180 15.6% IHA 
(Fernandes Brazil/ , 
et al. 2018) Paraiba Dogs (pets) 1043 22.1% IFA 
(Zarra- 
Nezhadetal. Iran/Ahvaz Dogs (pets) 180 46.6% ELISA 
2017) 
Nom sab D 176 72.7% ELISA 
et al. 2017) MER 06° di 
" Brazil/ 
gaudes Fernando de Dogs (pets) 320 48.7% IFA 
et al. 2017) 
Noronha 
(Verma et al. USA/ H 
2016) Minnests Dogs (pets) 14 42.8% MAT 
(Cano-Terriza Pan Dogs (pets 
Andalusia S MEE 30.6% MAT 
et al. 2016) clinics) 
and Ceuta 
Italy / 
(Macancowd." c elidgand- POB FOP age 24% IFA 
et al. 2016) hunting) 
Salerno 
(Davoust et al. o 
2015) Senegal Dogs 145 67% MAT 
, China/ " 
(Li et al. 2015) Gubhou Dogs (pets) | 107 20.6% ELISA 
(de Seabra Brazil/Sao send à 
et al. 2015) Paulo Dogs (clinic) 300 24.3% IFA 
(Ahmad etal. Pakistan/ * 
2014) Picha Dogs (pets) 408 28.4% ELISA 
(Alvarado- ; 
Esquivel et al. oo Wim 101 67.3% MAT 
2014) 
(Deng et al. China/ $ 
2011) Changsha Dogs (pets) 429 23.7% ELISA 
Turkey / 
(Muz et al. ’ Dogs n 
2013) Mediterranean (Shepherd) 46 58.7% ELISA 


Hatay 
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Table 14. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) $ 
(No.) (%) 
(Arunvipas ; Dogs P 
et al. 2013) Thailand (farms) 114 6.1% LAT 
(El Behairy ; o 
et al. 2013) Egypt/Giza Dogs (stray) 51 98% MAT 
(Sroka and 
Szymańska Poland/Lublin Dogs (pets) 17 63% MAT 
2012) 
(Cedillo- EEEN 
Peláez et al. Dogs (stray) 154 61.7% ELISA 
Oaxaca 
2012) 
(Nguyen et al. Dogs 
2012) Korea (domestic) 553 12.8 LAT 
Romania/ 
Homa cual: Caras-Severin Dogs 144 68.75% ELISA 
201 1a) 
County 
(Hotea et al. Romania / " 
20112) Arad County Dogs 152 49.34% ELISA 
(Hotea et al. Romania / " 
2011a) Timis County Dogs 236 62.29% ELISA 
(C ahezan eh ak Spain/Majorca Dogs 46 58.7% MAT 
2010) 
rks Chall. paid Caplan» Dogs 489 53.6% DAT 
2010) 
(Santos et al. Brazil/ Mato P 
2009) Crosso Dogs 61 88.5% IFAT 
(Hosseininejad Iran/ 5 
et al. 2009) Shahrekord Hoge E CLR al 
(Figueredo Brazil/ ‘ 
et al. 2008) Pernambuco Hoge M. cus TEAT 
Dogs 
o iis South Korea (German 138 46.396 PCR 
Shepherd) 
(Dubey et al. f á 
2007c) Vietnam Dogs 42 5076 MAT 
(Dubey et al. o 
2007b) USA Dogs 86 67.4% MAT 
(itapalapong Thailand/ " 
et al. 2007) Bangkok Dogs 427 9.4% MLAT 
Javadi etal Iran/Uramia Dogs 52 84.6% ELISA 


2008) 
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Table 14. Cont. 


(Author Examinated Positive 
Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
"ou ee ee 109% mAT 
ee agal Austria Dogs 242 26% IFAT 
is x fen Dogs 116 62.06% SFDT 
2 Dogs (with 
all et al. Brazil Win 5 sae — 
signs) 
(Azevedo Brazil/ s 
et al. 2005) Paraiba Dogs 286 45.196 IFAT 
w in ps Minas Dogs 369 30.3% ELISA 
Dogs (with 
(Schatzberg i 
New York encephali- 6 50% PCR 
et al. 2003) tis) 
(Cañón- 
Franco et al. E Dogs 157 76.495 IFAT 
2003) 
a 22 or Dogs 200 50.5% ELISA 
ed : rs vs Dogs 250 32% MLAT 
Immuno- 
at i US Puppy 20 10% histochem- 
istry 
oe 34.3% 
D l. (rural) . 
(DeSouza et a Pu TY ant 
2003) Dogs Et. 
(urban) VoM 
(de Brito etal. ^ Brazil/Sao Dogs (with Ig G-32.596 
2002) Paulo Jervous 80 — — — — IFAT 
signs) Ig M-31.2% 
i Dogs (with 
(Giraldi 2004) eed nervous 67 82.5% IFAT 
i 2 signs) 


Source: Table by authors. 


In Beijing, China, Yu et al. (2008) examined 534 dogs and 335 cats. They observed 
a variation in prevalence in correlation with the season, noting that in spring, the 
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prevalence in dogs and cats was higher. Of the animals identified as positive for 
Toxoplasma gondii infection, 31.3% of dogs and 25.1% of cats were diagnosed in the 
spring. In their study, they also observed a higher prevalence in males (23.7% in dogs 
and 15.1% in cats) than in females (18% in dogs and 12.3% in cats). In terms of age, 
they observed a higher prevalence in animals over 4 years (31.8% in dogs and 14% in 
cats) (Yu et al. 2008). 

Yarim et al. (2007) from the Samsun School of Medicine, Turkey made a correla- 
tion between blood protein concentration and the presence of T. gondii infection in 
naturally infected dogs. The author observed major changes in the serum protein 
concentration of animals infected with T. gondii, correlating with liver alterations, 
also proven by liver enzyme testing. Thus, he concluded that the determination of 
serum proteins, by electrophoresis, may be useful in the diagnosis and prognosis 
of canine toxoplasmosis, as an additional method in addition to another laboratory 
analysis (Yarim et al. 2007). 

A very interesting study was conducted by Bresciani et al. (2009) at the UNESP 
University of Sao Paulo, Brazil. They demonstrated congenital transmission to 
Toxoplasma gondii in pregnant bitches seropositive and reinfected with this parasite. 
Twelve HIV-positive pregnant bitches were used, divided into three groups. Those in 
group I were reinfected by subcutaneous inoculation with tachyzoites, those in group 
II were reinfected by oral inoculation with oocysts and those in group III were not 
reinfected; they were used as a control group. Reinfection was performed on day 35 
of gestation. All females in groups I and II had loss of gestation or fetal death. From 
group III, a female gave birth to three apparently healthy but seropositive chicks and 
one dead chick (Bresciani et al. 2009). 

Samples from both adult and newborn females, abortions or stillbirths were 
tested by several methods: intraperitoneal inoculation of infected blood in mice, 
serological analysis by IFAT, histopathological examination, pepsin digestion and 
inoculation in mice and immunohistochemical analysis (Bresciani et al. 2009). 

In the study conducted by Bresciani et al. (2009), the parasite could be identified 
by all applied methods. T. gondii was isolated in 17 organs of reinfected females, in 11 
organs of females in the control group and in 20 organs of chicks. The most affected 
organs were the lymph nodes, liver, lungs and kidneys (Bresciani et al. 2009). 

Schares et al. (2005) examined the feces of 24,089 dogs in Germany and identified 
oocysts measuring 9-14 um. From the samples in which oocysts were identified, 
inoculations were performed on laboratory animals and two isolates of T. gondii were 
obtained. The two isolates of T. gondii could be successfully passed on cell cultures, 
thus making it possible to characterize them in detail. These data suggest the role 
of dogs in the dissemination of toxoplasmosis, as possible vectors of the parasite 
(Schares et al. 2005). 


4.6.3. T. gondii Infection in Wild Animals 
Felids 


Congenital toxoplasmosis has been reported in kittens (Felis rufus). Toxoplasma 
meningoencephalitis was observed in six-month-old kittens, and Toxoplasma gondii 
was even isolated from tissues in adults (Smith et al. 1995). Lynx is thought to be 
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important in maintaining toxoplasmosis in herbivores in the United States (Dubey 
et al. 2004a). 

Oocysts eliminated by cougars (Felis concolor) are thought to be the sources of 
toxoplasmosis outbreaks in humans through water in Victoria, British Columbia and 
Canada. Oocysts have been isolated from the feces of cougars collected around water 
sources (Aramini et al. 1998). Experimental infections resulting in the elimination of 
oocysts in the feces have been performed in jaguars (Felis jaguarundi), ocelots (Felis 
pardalis), lynx (Lynx rufus) and cheetah (Acinonyx jubatus). In general, these cats are 
not as important for eliminating oocysts as the domestic cat (Weiss and Kim 2004). 


Canids 


Acute toxoplasmosis could be observed in the polar fox (Vulpes lagopus), the 
desert fox (Fennecus zerda), the gray fox (Urocyon cinereoargenteus) and the red fox 
(Vulpes vulpes) (Kelly and Sleeman 2003; Kottwitz et al. 2004; Sorensen et al. 2005). 
Coinfection of clinical toxoplasmosis with canine scabies virus has been found in gray 
and red foxes (Kelly and Sleeman 2003). In contrast, signs of clinical toxoplasmosis 
could not be observed in wolves, coyotes, hyenas or dingo dogs, although the parasite 
could be identified in gray and red fox, as well as from coyotes (Dubey et al. 2004a; 
Weiss and Kim 2004; Dubey et al. 2021). In the world, the prevalence of T. gondii 
infection in foxes is varied (Table 15). 


Table 15. Seroprevalence of T. gondii infection in foxes. 


Author Name Examinated Positive 


(Year) Location Species Samples Samples Methods 
(No.) (%) 
Arctic fox 
(Bouchard Canada/ á 
et al. 2019) Nunavut (Vulpes oA 299 MAT 
lagopus) 
Arctic wolf 
(Bártová et al. | Czech : " 
2018) Republic (Canis lupus 8 62.5% LAT 
arctos) 
Gray fox 
USA/ 
(Gerhold et al. Georgia; (Urocyon 50% MAT 
2017) cinereoargen- 
Tennessee 
teus) 
(Waap et al. Fox (Vulpes n 
2016) Portugal vulpes) 25 40% DAT 
(Lau eal Arctic fox 
2015) f China (Vulpes 1346 8.4% MAT 
lagopus) 
à : Hoary fox 
(da Silva etal.  Brazil/Sao * 
2014) Paulo (Lycalopex 6 16.6% MAT 
vetulus) 
(Verin et al. : Red fox " 
2013) Italy /Pisa (Vulpes vulpes) 191 53.4% IFA 
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Table 15. Cont. 


ether Nane Examinated Positive 
Location Species Samples Samples Methods 
(Year) o 
(No.) (%) 
(Jakubek et al. Red fox d 
2012) Sweden (Vulpes vulpes) 56 71% MAT 
(De Craeye ; Foxes (Vulpes " 
et al. 2011) Belgium vulpes) 304 18.8% ELISA 
Arctic fox 
rd stal USA/Alaska (Vulpes 27 59.3% MAT 
lagopus) 
(Aubert et al. Fiance Foxes (Vulpes 14 64.28% MAT 
2010) vulpes) 
(Catenacci : Foxes (Vulpes " 
et al. 2010) Brazil vulpes) 52 19.2% IFAT 
Foxes (Vulpes 
(Dubey 2010) UAE 32 62.5% MAT 
vulpes) 
Arctic fox 
(Yu et al. 2009) China (Vulpes 103 0.97% ELISA 
lagopus) 
(Prestrud etal. Svalbard a fox 11 9.09% MAT 
2008 Archipelago uipes 
) peage ^ aeopus) 178 91.57% PCR 
(Dubey and Blanford’s fox ò 
Pas 2008) USE (Vulpes cana) 5 PR KAL 
Arctic fox 
(Prestrud et al. Svalbard (Vulpes 594 43% DAT 
2007) Archipelago ] 
agopus) 
(Murphy et al. Foxes (Vulpes " 
2007) Ireland sunto) 206 56% IFAT 
(Sobrino et al. : Foxes (Vulpes T 
2007) Spain vulpes) 102 64.7% MAT 
(Jakubek et al. Foxes (Vulpes 2 
2007) Hungary vulpes) 337 68% DAT 
(Hürková and = Czech Foxes (Vulpes " 
Modry 2006) Republic vulpes) id Haee SR 
(Wanha et al. : Foxes (Vulpes ó 
2005) Austria vulpes) 94 35% IFAT 
Source: Table by authors. 
Bears 


Clinical toxoplasmosis could not be observed in bears. Viable forms of T. gondii 
have been isolated from the black bear (Ursus americanus), and serological tests have 
shown the presence of parasitism in the polar bear (Ursus maritimus) and the grizzly 


88 


bear (Ursus arctos). Thus, bear meat can be considered a source of infection for 
carnivores (Rah et al. 2005; Weiss and Kim 2004; Dubey et al. 2010b). 


Raccoons 


Tests performed on mice (Procyon lotor) indicate an increased prevalence in these 
species (Hancock et al. 2005). Even untreated parasitic forms in rat tissues were 
isolated, but the clinical form of the disease was not observed. They appear to be 
resistant to experimental infection (Dubey et al. 2004a; Weiss and Kim 2004). 


Squirrels 


Acute toxoplasmosis has been identified in the gray squirrel (Sciurus carolinensis), 
the 13-line squirrel (Citellus tridecemlineatus) and the Korean squirrel (Tanias sibericus) 
(Carrasco et al. 2006; Dubey et al. 2006c). Parasitic forms could be isolated from the 
gray squirrel and the giant flying squirrel (Petaurista petaurista grandis) (Weiss and 
Kim 2004). 


Rabbits 


A fatal form of toxoplasmosis has been found in three domestic rabbits (Oryc- 
tolagus cuniculus) in the United States. Rabbits died of an acute form of the disease. 
Similar forms of the disease have been observed in domestic rabbits aged 2 to 18 
months from 15 farms in Germany. The necropsy of the 49 rabbits revealed the 
presence of a generalized toxoplasmosis with granulomatous and necrotizing le- 
sions in the spleen, liver, lungs and lymph nodes. Experimental infections have 
also been reported in rabbits. They were inoculated orally and subcutaneously with 
T. gondii oocysts (10,000 oocysts/rabbit) and all developed fatal forms of toxoplasmo- 
sis, or the lesions were so severe that euthanasia was required (Weiss and Kim 2004). 
Worldwide, the prevalence of T. gondii infection in rabbits is varied (Table 16). 


Table 16. Seroprevalence of T. gondii infection in rabbits. 


Examinated Positive 


(Author Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
European 
(Waap et al. rabbit " 
2016) Formisot (Oryctolagus ce 2.8% DAT 
cuniculus) 
Wild rabbits 
(Mecca et al. Brazil/Sao (Lepus : 
2011) Paulo europaeus) m 1.35% ELISA 
(meat) 
(Ashmawy Wild rabbits 
et al. 2011) Egypt (Lepus 194 11.34% IHAT 


europaeus) 
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Table 16. Cont. 


(Author Examinated Positive 


Name/ Year) Location Species Samples Samples Methods 
(No.) (%) 
Wild rabbits 
Pi cla T (Lepus 3 0% MAT 
europaeus) 
Czech " 
J j Republic Wild rabbits 23 ane 
(Bartova et al. (Lenis I 
2010) Slovakia P 209 6% 
europaeus) 
Austria 383 13% 
Domestic 
(Jeklova etal. Czech rabbits 5 
2010) Republic (Oryctolagus 209 ee Bin 
cuniculus) 
(García- im 
Bocanegra Spain 85 11.976 MAT 
et al. 2010d) is e 
i cuniculus) 
(Harfoush E 
and Tahoon Egypt 118 37.5% IHAT 
2010) (Oryctolagus 
cuniculus) 
Domestic 
(Künzeletal. ^ Austria/ rabbits 5 
ienna ryctolagus 
2008 Vi Oryctolag 157 5.0996 IFAT 
cuniculus) 
Domestic 
(Hughes etal. UK/ rabbits 5 
alham ryctolagus 
2008 Malh (Oryctolag 57 68.4% PCR 
cuniculus) 
(Figueroa- edam 
Castillo et al. Mexico 286 26.9% ELISA 
2006) (Oryctolagus 
cuniculus) 
Domestic 
(Almeria et al. ; rabbits o 
2004) Spain (Oryctolagus 456 14.2% MAT 
cuniculus) 


Source: Table by authors. 


In another study, hares (Lepus europaeus) also developed the fatal form of the 
disease after inoculation with only 10 oocysts and all died from day 8 post-inoculation 
to day 19 (Sedlák et al. 2000). Experimental infection of mountain rabbits (Lepus 
timidus) with 50 T. gondii oocysts resulted in multiple lesions of the mesenteric lymph 
nodes and liver. Histologically, there have been extensive areas of necrosis in the 
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small intestine, mesenteric lymph nodes, liver and other internal organs (Gustafsson 
et al. 1997a, 1997b). 


Skunks 


Genotype III of Toxoplasma gondii could be isolated from three of six asymp- 
tomatic striped scorpions (Mephitis mephitis) in Mississippi (Dubey et al. 2004e). Two 
of the three isolated forms were pathogenic to rodents, even those characterized 
molecularly as part of genotype III, which is considered avirulent for rodents (Weiss 
and Kim 2004). 


Martens 


Toxoplasma gondii was isolated by PCR from the brains and skeletal muscles 
of young martens (Martes pennanti) on a Maryland farm. Clinically, these animals 
showed encephalitis which, initially, could not be associated with T. gondii infection 
(Gerhold et al. 2005). 


Beavers 


The parasite was also isolated from beavers (Castor canadensis), but no clinical 
signs of the disease were observed. By direct agglutination, of the 62 samples 
examined, 6 (i.e., 10%) were found to be positive (Jordan et al. 2005). 


Insectivores 


There are few data on toxoplasmosis in insectivores. In the Czech Republic, 
out of 578 insectivores examined, less than 1% of them tested positive for the Sabin- 
Feldman staining test. A positive case is known in a male mole (Talpa europaea) from 
Germany (Weiss and Kim 2004). 


Bats 


No clinical cases of toxoplasmosis have been reported in bats, but the parasite 
could be isolated from Vesperzilio pipistrellus bats and red bats (Nyctalus noctula) 
from Alma-Ata, Kazakhstan, USSR (Weiss and Kim 2004). 


Cervidae 


Toxoplasma gondii has been identified in North American deer. Consumption of 
venison has been associated with the clinical form of the disease in humans (Ross 
et al. 2001). 

Naturally infected deer did not show clinical signs, but the parasite could 
be isolated from tissues harvested from white-tailed deer (Odocoileus virginianus) 
and large-eared deer (Odocoileus hemionus) (Dubey et al. 2004a). Fetuses from HIV- 
positive mothers of Odocoileus virginianus and Odocoileus hemionus did not show 
anti-Toxoplasma antibodies, which proves that in these two breeds of deer, antibodies 
are not transmitted from mother to fetus. Acute or fatal forms of the disease can 
occur in experimental infections. 
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Congenital toxoplasmosis has been identified in other deer, such as reindeer 
(Rangifer tarandus). They can present enteritis and even death, as demonstrated 
after an experimental oral inoculation with oocysts (Dubey et al. 2002a; Lindsay 
et al. 2005). Toxoplasma gondii has also been isolated from roe deer (European roe) 
(Capreolus capreolus) (Weiss and Kim 2004). Globally, the prevalence of T. gondii 
infection in these species is varied (Table 17). 


Table 17. Seroprevalence of T. gondii infection in Cervidae. 


(Author Examinated Positive 


Nanie/Yeaz) Location Species Samples Samples Methods 
(No.) (%) 
(Remes et al. ; Moose (Alces 7 
2018) Estonia diis 463 23.97% DAT 
Red deer 
Ne FERE Portugal (Cervus 14 21.4% DAT 
elaphus) 
Roe-deer 
(Capreolus 199 34% 
l 
BO Sweden ic Aci ELISA 
Moose (Alces 417 20% 
alces) 
Roe-deer 
(Capreolus 73 52% 
capreolus) 
(De Craeye ; 
et al. 2011) L Red-deer ELISA 
(Cervus 7 0% 
elaphus) 
Roe-deer 
(Panadero Spain/ A 
et al. 2010) Galicia (Capreolus 160 13.7% DAT 
capreolus) 
Moose (Alces 1215 9.6% 
alces) 
, Key-deer 
(Jokelainen Finland/ (Odocoileus 135 26.7% DAT 
et al. 2010) Helsinki virginianus) 
Roe-deer 
(Capreolus 17 17.6% 
capreolus) 
Roe-deer 
F i etal France (Capreolus 33 36.3% MAT 
capreolus) 
USA /Iowa £ 170 53.5% 
(Dubey et al. ete 
2009) USA / (Odocoileus 55 PI MAT 
Minnesota virginianus) Du 
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(Author 
Name/Year) 


Location 


Table 17. Cont. 


Species 


Examinated 
Samples 
(No.) 


Positive 
Samples 
(%) 


Methods 


(Dubey et al. 


2008b) 


Iowa 


Minnesota 


Key-deer 
(Odocoileus 
virginianus) 


84 


64.2% 


27 


55.55% 


MAT 


(Dubey et al. 


2008c) 


USA/ 
Washington 


Black-tailed 
Deer 
(Odocoileus 
hemionus 
columbianus) 


43 


32.55% 


Mule deer 
(Odocoileus 
hemionus) 


42 


0% 


DAT 


(Gamarra 
et al. 2008) 


Spain 


Roe-deer 
(Capreolus 
capreolus) 


278 


39.2% 


MAT 


(Gauss et al. 
2006) 


Spain 


Red-deer 
(Cervus 
elaphus) 


441 


15.6% 


European 
fallow deer 
(Dama dama) 


24% 


Roe-deer 
(Capreolus 
capreolus) 


33 


21.8% 


Pyrenean 
chamois 

(Rupicapra 
pyrenaica) 


10 


20% 


MAT 


(Omata et al. 


2005b) 


Japan/ 
Hokkaido 


Sika deer 
(Cervus 


nippon) (brain) 


120 


0% 


PCR 


(Lindsay et al. 


2005) 


Nebraska 


Other wild ruminants 


Mule deer 
(Odocoileus 
hemionus) 


89 


35% 


Key-deer 
(Odocoileus 
virginianus) 


14 


Source: Table by authors. 


43% 


MAT 


Elk (Cervus canadensis) appears to be resistant to the clinical form of the disease, 
but the parasite could have been isolated from several tissues, suggesting that elk 
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may be a source of infection for humans. Toxoplasma gondii has also been isolated 
from naturally infected antelopes. Animals experimentally infected with oocysts 
showed acute and deadly toxoplasmosis (Weiss and Kim 2004). 

Toxoplasmic encephalitis was also seen in a 4-month-old Rocky Mountain goat 
(Ovis canadensis canadensis). The parasite could also be isolated from naturally infected 
moose (Alces alces) (Baszler et al. 2000; Weiss and Kim 2004). 


Otters and other marine mammals 


In the early 1990s, toxoplasmosis was considered a major cause of see otter (En- 
hydra lutris nereis) mortality. The predominant symptom was encephalitis (Kreuder 
et al. 2003). This has been difficult to explain because otters are not considered to 
consume species that are common intermediate hosts, and their marine habitat keeps 
them away from cats. The decisive evidence that T. gondii is responsible for otter 
death was the identification of viable parasitic forms in otter tissues. Additionally, 
the parasite isolated from sea otters appears to have been able to grow, and cats that 
have consumed infested tissues have eliminated oocysts. Genotype II was initially 
isolated, but a few years later a new genotype, called genotype X, was isolated (Miller 
et al. 2004, 20083). 

It has been thought that oocysts eliminated by cats living on the Pacific coast end 
up being eaten by otters through paratenic hosts. Toxoplasma gondii oocysts sporulate 
in seawater and can remain infectious for at least 6 months (Putignani et al. 2011). 
This has been demonstrated by isolating viable forms of the parasite, or at least DNA, 
from the body of experimentally infected shells and maintained in natural habitat 
(Arkush et al. 2003). Toxoplasma gondii kills other marine mammals off the Pacific 
coast. Genotype x was also isolated from Harbor seals (Phoca vitulina) or California 
sea lions (Zalophus californianus) (Conrad et al. 2005). 

Toxoplasmosis is also common in dolphins. The congenital form has been 
described in Indo-Pacific bottlenose dolphins (Tursiops aduncus). Disseminated toxo- 
plasmosis with transplacental transmission has also been identified in a pregnant 
female of Risso's dolphin (Grampus griseus). The acute form of the disease has been 
described in various dolphins: Sousa chinensis, Stenella longirostris and Tursiops trunca- 
tus (Weiss and Kim 2004). Toxoplasmosis has also been identified in white dolphins 
(Delphinapterus leucas), Californian sea lions (Zalophus californianus), fur seals (Cal- 
lorhinus ursinus), sea elephants (Mirounga angustirostris), Hawaiian seals (Monachus 
schauinslandi) or Indian manatee (Trichechus manatus) (Esmerini et al. 2010; Massie 
et al. 2010). 

In the case of experimental infections in the gray seal (Halichoerus grypus) with 
over 10,000 oocysts, no acute toxoplasmosis occurred, but the parasite could be 
isolated from the brain and muscles (Gajadhar et al. 2004). Globally, the prevalence 
of T. gondii infection in these species is varied (Table 18). 
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Table 18. Seroprevalence of T. gondii infection in marine mammals. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
Long-finned pilot ee si 
whale 6 60% ELISA 
(Globicephala melas) 60% IFAT 
50% MAT 
Risso’s dolphin 4 2591, ELISA 
(Grampus griseus) 
2596 IFAT 
Short-beaked 2 NAL 
common dolphin 9 11% ELISA 
(Delphinus delphis) 11% IFAT 
White-beaked 75% MAT 
Scottish dolphin 4 50% ELISA 
(van de coastline — (Lagenorhynchus 
Velde etal. Atlantic albirostris) 25% IFAT 
2016) Ocean and 25% MAT 
North Sea. -Gray seal 12 11% ELISA 
(Halichoerus grypus) 
0% IFAT 
29% MAT 
Harbor seal (Phoca 14 18% ELISA 
vitulina) 
18% IFAT 
Long-finned pilot al MAT 
whale 5 20% ELISA 
(Globicephala melas) 20% IFAT 
47% MAT 
European otter 
44% ELISA 
(Lutra lutra) 9s i à 
5396 IFAT 
South 
(Rengifo- Shetland 
Herrera Islandsand Antarctic pinnipeds 211 13.376 DAT 
et al. 2012) Antarctic 
Peninsula 
ie 47 23.4% 
(Cabezón N-E Atlantic (Halichoerus grypus) MAT 
et al. 2011) coast Harbor seal (Phoca 
vini 56 5.496 
vitulina) 
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Table 18. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
Galapagos penguin 
(Spheniscus 298 2.3% 
Deem etal. Ecuador/ mendiculus 
00 Galapagos MAT 
pag Flightless cormoran 
(Phalacrocorax 258 1.9% 
harrisi) 
(Forman Marine mammals 5 
et al. 2009) SS (various) ua TAR REED 
Spa UE OE 100% Histology 
(Miller et al. lutris nereis) (brain) 
2008b) E Sea otter (Enhyd 
Pe tae. 586 16% IFAT 
lutris nereis) (serum) 
USA/ 
Saas California. | ON ae: ay 39 isolates PCR 
et al. 2008) : lutris) 
Washington 
(Prestrud Svalbard Mone 17 696 DAT 
et al. 2007) Archipelago 
Sea otter (Enhydra 
í A lutris nereis) (dead 305 52% 
Conra bodies) 
et al. 2005) USA m Serology 
ea otter ( nhydra 257 38% 
lutris nereis) 
Harp seal (Phoca 112 0% 
groenlandica) 
Hooded seal . 60 2% 
(Measures (Cystophora cristata) 
Canada MAT 
et al. 2004) G l 
is MA 122 9% 
(Halichoerus grypus) 
Harbor seal (Phoca 34 9% 
vitulina) 
(Murata Wild and captive é LAT and 
et al. 2004) Japan cetaceans 7 d IFAT 
Striped dolphin 
(Stenella 36 11.11% 
(Cabezón gus coeruleoalba) 
ain MAT 
et al. 2004) p Atlantic bottlenose 
dolphin (Tursiops 7 57.14% 
truncatus) 
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Table 18. Cont. 


(Author Examinated Positive 


Name/Year) Location Species Samples Samples Methods 
(No.) (%) 
Marine mammals " 
(dead bodies) Dm Tito 
(Dubey et al. Sea otter (Enhydra 
USA Y % MAT 
Harbor seal (Phoca 311 16% 
vitulina) 
Source: Table by authors. 
New World monkeys 


Toxoplasmosis can be considered a problem for New World monkeys. Several 
data on acute toxoplasmosis have referred to the Common squirrel monkey (Saimiri 
sciureus) and Golden lion tamarin (Leontopithecus rosalia) (Epiphanio et al. 2003). The 
Panamanian squirrel monkey and Gray-bellied night monkey (Aotus lemurinus) are 
also very susceptible to experimental infection with tissue cysts and develop an acute, 
fatal form of the disease (Furuta et al. 2001). Other species of monkey diagnosed 
with toxoplasmosis are shown in Table 19. 


Table 19. Monkeys species that developed clinical toxoplasmosis (by Weiss and 


Kim 2004). 
No. Monkey Species 
1 Saguinus oedipus 
2 Saguinus midas midas 
3 Saguinus midas niger 
4 Saguinus imperator 
5 Saguinus labiatus 
6 Leontopithecus chrysopygus 
7 Leontopithecus chrysomelas 
8 Leontopithecus rosalia 
9 Saimiri sciureus 
10 Callithrix pygmaea 
11 Callithrix jacchus 
12 Callithrix pencillata 
13 Pithecia pithecia 
14 Aotus trivirgatus 
15 Alouatta fusca 
16 Lagothrix lagotricha 
Source: Reprinted from (Weiss and Kim 2004), used with permission. 
Old World monkeys 


In Old World monkeys, toxoplasmosis is quite rare (Table 20). An associated 
case of nervous system toxoplasmosis with immunodeficiency virus (AIDS), resulting 
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in encephalomyelitis, has been cited in a macaque (Macaca sylvana). These types 
of monkeys (Macaca mulatta, Macaca arctoides) have been/are used in experimental 
infections to study human congenital toxoplasmosis and recurrent retinochoroiditis 
(Macaca fascicularis) (Weiss and Kim 2004). 


Table 20. Seroprevalence of T. gondii infection in varios species of wild mammals 


and birds. 
(Author Examinated Positive 
uon Location Species Samples Samples Methods 
Name/Year) 5 
(No.) (96) 
Ostriches 
(Bártová Czech : " 
et al. 2021) Republic (Struthio 409 36% LAT 
camelus) 
: . . 100% 
es 2 Xeon African lions 15 00% ELISA 
eres Spotted hyenas 41 93% 
Accipitriformes 17 71% 
Anseriformes 3 66.67% 
; ^ Czech Pelecaniformes 18 6% 
(Bartova Republi 
et al. 2018) Z P r E Psittaciformes 22% LAT 
00 
Sphenisciformes 4 50% 
Canidae 46 59% 
Felidae 71 70% 
Ursidae 6 83.3% 
Bovidae 446 27.8% 
, , Czech Camelidae 34 32.496 
(Bártová Berablic LAT 
et al. 2018) P Cervidae 70 45.7% 
(Zoo) 
Giraffidae 13 23.1% 
Hippopotamidae 3 0 
Suidae 20% 
Macropodidae 4 50% 
Equidae 123 27.6% 
Czech Rhinocerotidae 18 16.7% 
(Bartova : 
Republic Primates 47 27.7% LAT 
et al. 2018) (Zoo) 
Cercopithecidae 15 13.3% 
Hominidae 10 30% 
Elephantidae 11 36.4% 
Rodentia 24 12.5% 
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Table 20. Cont. 


(eather Examinated Positive 
Name/Year) Location Species Samples Samples Methods 
(No.) (96) 
North 
(Dubey etal. USA/Penn- American elk ts 
2017) sylvania (Cervus aa! Rue Mae 
canadensis) 
7o Ostriches 
i Brazilia (Struthio 344 11.0596 MAT 
Langoni 
2016) camelus) 
Cat (Felis catus) 79 39.2% 
Wildcat (Felis 6 93.394 
silvestris) 
(Waap et al. European 
2016) Portugal badger (Meles 6 0 DAT 
meles) 
European otter 2 0 
(Lutra lutra) 
Stone marten ò 
(Martes foina) ° 06-6 
European 
polecat (Mustela 3 33.3% 
putorius) 
(Waap et al. 
2016) Portügat Egyptian DAT 
mongoose é 
(Herpestes 34 85.3% 
ichneumon) 
Common genet x 
(Genetta genetta) i pee 
Columbiformes 102 9.8% 
Passeriformes 45 37.78% 
Galliformes 2 0 
Cuculiformes 2 0 
Piciformes 2 0 
Gruiformes 1 0 
Chen et al. 
e 5 ies Taiwan Charadriiformes 2 0 MAT 
Anseriformes 1 100% 
Pelecaniformes 30 36.67% 
Strigiformes 111 22.52% 
Accipitriformes 93 29.34% 
Falconiformes 2 50% 
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Table 20. Cont. 


(eather Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) (No) (9) 
(Cedillo- 
Peláez etal. | Mexico Monkeys 2 100% PCR 
2011) 
White-eared 
(Fornazari Brazil/Sao opossum 5 
etal. 2011) ^ Paulo (Didelphis s qon MSS 
albiventris) 
Ree ec 7 28.57% 
rd Romania / (Cervus elaphus) 
(Dacus Timi ELISA 
et al. 2011b) n Roe deer 
Zoo (Capreolus 4 75% 
capreolus) 
Reindeer 
(Rangifer 4 50% 
tarandus) 
Guanaco (Lama 2 100% 
guanicoe) 
paneer AG 9 44.44% 
aegagrus hircus) 
Shetland Pony " 
(Equus caballus) ? s 
European rabbit 
(Oryctolagus 12 41.66% 
cuniculus) 
Red-necked 
wallaby 
(Macropus 2 
rufogriseus) 
Romania? Patagonian 
(Dárábus Timi mara (Dolichotis 3 33.33% ELISA 
etal. 2011b) Hmgoata atagonum) 
Zoo parag 
Brown bear Fe 
(Ursus arctos) i ud. 
Raccoon $ 
(Procyon lotor) $ moe 
Japanese 
macaque 5 40% 
(Macaca fuscata) 
Patas monkey 
(Erythrocebus 3 33.33% 
patas) 
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Table 20. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) , 
(No.) (%) 
Lion (Panthera 3 100% 
leo) 
Wildcat (Felis 2 100% 
sylvestris) 
Domestic cat ó 
(from Zoo) : moe 
European 
moufon (Ove: us 14.28% 
ahei gmelini 
UDEN musimon) 
etal2010) France MR MAT 
allard (Anas é 
platyrhynchos) í 90 
. House sparrow 
(Sendim Brazil (Passer 293 1.02% HAT 
et al. 2010) Í 
domesticus) 
(Dubey United Arab ; : á 
2010) Erie Wild Felids 84 83.33% MAT 
(Parameswaran : f ó 
et al. 2010) Australia Marsupials 46 26.08% PCR 
(areia Iberian lynx 
Bocanegra Spain ioe uid 129 62.896 MAT 
et al. 2010d) ynx p 
(Ullmann Southern : : " 
et al. 2010) Brazil Wild Felids 57 66.67% MAT 
Kangaroos 
(Moré et al. : (Macropus rufus á 
2010) Argentine and Macropus 2 100% PCR 
giganteus) 
‘ Capybara 
(rai etal; Brazil (Hydrochoerus 36 44.5% PCR 
2008) : 
hydrochaeris) 
Common 
(Carme et al. squirrel ^ 
2009) France monkey (Saimiri 35 57.14% PCR 
sciureus) 
(Parameswaran : ü 
et al. 2009) Australia Kangaroos 219 15.596 ELISA 
Meerkat 
(Basso et al. : (Suricata " Inoculation 
2009) Areeni suricata) from ? a on mice 
Zoo 
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(Author 
Name/Year) 


Location 


Table 20. Cont. 


Species 


Examinated Positive 


Samples 
(No.) 


Samples 
(%) 


Methods 


(Salant et al. 


2009b) 


Israel 


Common 
squirrel 
monkey (Saimiri 
sciureus) 


24 


79.16% 


MAT 


(Bermudez 
et al. 2009) 


Spain 


Red-necked 
wallaby 
(Macropus 
rufogriseus) 


Identification 


of tissue 
cysts in the 
my- 
ocardium 


(da Silva 
et al. 2008) 


Brazil/Sao 
Paulo 


Nine-banded 
armadillo 
(Dasypus 
novemcinctus) 


31 


12.9% 


MAT 


(Liu et al. 
2008) 


China / 
Qinghai 


Yac (Bos 
grunniens) 


946 


11.8% 


ELISA 


(Hill et al. 
2008) 


Australia/ 
Sydney 


Common 
brushtail 
possum 
(Trichosurus 
vulpecula) (from 
Zoo) 


126 


4.8% 


Dingo (Canis 
familiaris dingo) 


67% 


Chimpanzee 
(Pan troglodites) 


22% 


MAT 


(Sobrino 
et al. 2007) 


Spain 


Iberian lynx 
(Lynx pardinus) 


81.5% 


Wildcat (Felis 
silvestris) 


50% 


Wolfs (Canis 
lupus) 


32 


46.9% 


European 
badger (Meles 
meles) 


37 


70.3% 


Beech marten 
(Martes foina) 
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20 


85% 


MAT 


Table 20. Cont. 


(eather Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) s 
(No.) (%) 
European pine 
marten (Martes 4 100% 
martes) 
Eurasian otter " 
(Lutra lutra) $ Pe 
European 
polecat (Mustela 4 100% 
(Sobri putorius) 
obrino , 
et al. 2007) spain Ferret (Mustela " MAT 
: 1 100% 
putorius furo) 
Common genet " 
(Genetta genetta) a ore 
Egyptian 
mongoose à 
(Herpestes 22 59.1% 
ichneumon) 
USA/ Ring-tailed 
esky Catherine lemur (Lemur 52 5.8% MAT 
et al. 2007) 
Island catta) 
Red-necked 
(Basso et al. ; wallaby 2 
2007) Argentine (Macropus 4 75% MAT 
rufogriseus) 
(Dangolla Turkey /Sri Elephants (bred 5 
et al. 2006) Lanka in captivity) m AA id 
(Hürková Czech 
and Modrý Republic Martens 61 4.92% PCR 
2006) P 
(Anwar European 
et al. 2006) UK badger (Meles 90 70% LAT 
meles) 
oe Eurasian lynx 
Degiorgis Sweden (Ly linx) 207 75.4% DAT 
et al. 2006) y 
(Mucker USA/ Penn- Bobcat (Lynx í 
et al. 2006) sylvania rufus rufus) E ae Me 
Common 
: brushtail 
pent facies possum 142 6.3% MAT 
a yoney (Trichosurus 
vulpecula) 
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Table 20. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
(Thiangtum ; Felids (bred in " 
et al. 2006) Thailand captivity) 136 15.4% LAT 
(Rajkhowa ; Gayal (Bos 2 
et al. 2006) ings frontalis) AUS 2e MAT 
Dromedary 
(Sadrebazzaz Iran/ s 
et al. 2006) Mashhad (Camelus 120 4.16% IFAT 
dromedarius) 
New World 
Monkeys: ò 
(Garcia etal.  Brazil/ Capuchin i ai MAT 
2005) Parana (Cebus spp.) 
Black howler " 
(Alouatta caraya) n see 
Lion (Panthera 26 92% 
leo) 
Nyala 
(Tragelaphus 10 90% 
angasii) 
Greater kudu 
(Tragelaphus 10 20% 
(H va strepsiceros) 
ove et al. : 
2005a) Zimbabwe Giraffe (Giraffa 10 10% MAT 
camelopardalis) 
African bush 
elephant ^ 
(Loxodonta zi 10% 
africana) 
Common 
ostrich (Struthio 50 48% 
camelus) 
(Hancock . .. Raccoon d 
et al. 2005) USA/ Virginia (Procyon lotor) 256 84.4% MAT 
(Hartley dria 
and English Australia 23 26.1% LAT 
(Vombatus 
2005) ; 
ursinus) 
: Brazil/ Rio 
(Marobin Greater rhea s 
et al. 2004) A miedo (Rhea americana) ds Bane D 
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(Author 


Table 20. Cont. 


Examinated Positive 


Name/Year) Location Species Samples Opes Methods 
(No.) ( Jo) 

: , Budgerigar Experimental 
edm ok (Melopsittacus 53 100% infection 
a aaa undulatus) and LAT 
(Piasecki ð 
et al. 2004) Poland Hawks 28 100% LAT 
(Zhang etal. China/ Reed vole " 

2004) Yuanjiang (Microtus fortis) es Nus A 
Maned wolf 
"NT (Chrysocyon 
CUutulino Brazil brachyurus) 59 74.6% ELISA 
et al. 2004) Gedin 
captivity) 
(DeFeo etal. Rhode ; " 
2002) island Wild rodents 756 0.8% MAT 
Felids (total) 865 54.6% 
Jaguarundi 
(Herpailurus 99 45.9% 
yagouaroundi) 
Ocelot 
(Leopardus 168 57.7% 
Gil ci pardalis) 
ilva et al. : 
2001) Brazil Oncilla MAT 
(Leopardus 131 51.9% 
tigrinus) 
Margay 
(Leopardus 63 55.5% 
wiedii) 
Pampas Cat 
(Oncifelis 8 12.5% 
colocolo) 
Geoffroy’s cat 
(Oncifelis 12 75% 
eoffroyi) 
(Silva et al. Brazil geoffroy BE MAT 
2001) Jaguar (Panthera 545 63.2% 
onca) 
Cougar (Puma 172 48.2% 


concolor) 
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Table 20. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) A 
(No.) (%) 
Indian elephant 
(Tuntasuvan ‘ (Elephus 45.5% MAT 
et al. 2001) onan maximus 196 25.676 LAT 
indicus) 
Musk ox 
(edtachabe Ganga (Ovibos 208 6.4% MAT 
2000) 
moschatus) 
(Dubey et al. Cada Ostrich (Struthio 973 29% MAT 
2000) camelus) 
Eland 
(Taurotragus 19 36.8% 
oryx) 
Sable antelope 
(Hippotragus 67 11.976 
niger) 
White 
rhinoceros 2 50% 
(H d (Ceratotherium 
ove an ; 
i simus 
Dubey 1999) Zimbabwe ) MAT 
African buffalo á 
(Syncerus caffer) 1 MER 
Blue wildebeest 
(Connochaetas 69 14.5% 
taurinus) 
African bush 
elephant ò 
(Loxodonta 13 199 
africana) 
(Mitchell USA/ Raccoon " 
et al. 1999) Illinois (Procyon lotor) Mid M Serology 
ri Cougar (Felis 
(Aramini Canada/ 6 
et al. 1998) Vancouver Sa dd ie dd NOME 


vancouverensis) 
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Table 20. Cont. 


(Author Examinated Positive 
Location Species Samples Samples Methods 
Name/Year) 4 
(No.) (%) 
Raccoon " 
(Procyon lotor) 999 15% 
Striped skunk 
(Mephitis 81 47% 
Hill et al. mephitis) 
) Virginia 
opossum : 
(Didelphis v 23% 
virginiana) 
Stray cats 20 80% 
(Zarnke Brown bear F 
et al. 1997) Boka (Ursus arctos) 892 25% MAT 
(Lindsay Coyote (Canis ; 
et al. 1996) T latrans) 52 62% Serology 
Raccoon o 
(Procyon lotor) xis 67% 
Striped skunk 
(Mephitis 18 38.9% 
mephitis) 
Virginia 
opossum 
i h 128 22.7% 
(Dubey etal. USA/ (Didelphis uS 
1995b) Illinois virginiana) 
Brown rat 
(Rattus 95 6.3% 
novegicus) 
Deer mice 61 1.9% 
(Peromyscus) 
House mouse " 
(Mus musculus) um 2.1% 
Brown rat 
Dd UK (Rattus 671 35% Serology 
novegicus) 
(Johnson l Dingo (Canis , 
et al. 1990) Qu familiaris dingo) ez 10% DAT 


Source: Table by authors. 


North American marsupials 


Toxoplasma gondii has been isolated from opossums (Didelphis virginiana) in 
North America. They are more resistant to experimental infections than marsupials 


107 


in Australia (Weiss and Kim 2004). Prevalence of toxoplasmosis in these species are 
shown in Table 20. 


Australian marsupials 


Toxoplasma gondii infection is frequently cited as a cause of death in marsupials 
in Australia and New Zealand. Many of the data presented regarding the Toxoplasma 
infection in marsupials belong to zoos. These animals develop toxoplasmosis even 
in the absence of cats, which proves their high susceptibility to this disease. 

Canfiel et al. (1990, quoted by Weiss and Kim 2004) describe some of the 
clinical signs, necropsy lesions and histopathological changes encountered in various 
marsupials: 43 macropods, 2 marsupial bears (wombat—Vombatus ursinus), 2 Koala 
bears (Phascolarctos cinereus), 6 opossums, 15 Dasyuridae, 2 numbats (Myrmecobius 
fasciatus), 8 Peramelemorphia and 1 Macrotisnlagotis (Weiss and Kim 2004). The animals 
either died suddenly, without clinical form, or showed various signs associated 
with respiratory, neurological or enteric disorders. Congenital toxoplasmosis was 
found in some kangaroos (Macropus fuliginosus melanops), and the parasite could 
be isolated in the tissues of an 82-day-old chick. In the case of two Koala bears 
(Phascolarctos cinereus), which died on a reservation in Sydney, Australia, the parasite 
was isolated from the heart, kidneys, liver, lungs, lymph nodes, spleen, stomach and 
small intestine (Weiss and Kim 2004). 

Experimental infections support claims that Australian marsupials are highly 
susceptible to toxoplasmosis. Some marsupial rodents (Perameles gunnii) develop 
acute toxoplasmosis after ingestion of 100 oocysts and die after 15-17 days post- 
infection, showing lesions specific to acute toxoplasmosis (Bettiol et al. 2000). Re- 
searchers even believe that in these species (Perameles gunnii), toxoplasmosis is one of 
the causes of the reduction in the amount of wildlife. Other species (Macropus eugenii), 
inoculated with 500, 1000 or 10,000 oocysts, die after 9-15 days after infection (Weiss 
and Kim 2004). Worldwide, the prevalence of T. gondii infection in marsupials varies 
a lot (Table 20). 


Wild animals from Africa 


Little is known about mammalian toxoplasmosis in Africa. The clinical form 
of the disease could not be observed in elephants, hippos, giraffes, gas, wildebeest, 
South African antelopes, chimpanzees, baboons, orangutans or gorillas, nor could 
the parasite be isolated. Toxoplasma gondii could only be isolated from domestic 
chickens and ducks in Africa (Weiss and Kim 2004). The prevalence of toxoplasmosis 
in these species is shown in Table 20. 


Wild birds 


Toxoplasma gondii has been isolated from the heart and breast of birds of prey. The 
necropsy lesions described were necrotizing myocarditis in bald eagles (Haliaeetus 
leucocephalus) in New Hampshire and severe hepatitis in captive owls (Strix varia) 
in Quebec, Canada (Dubey et al. 2002c). In the case of three red-tailed hawks (Buteo 
jamaicensis) experimentally infested with tissue cysts, no clinical signs were observed, 
although the parasite could be isolated from all three individuals. Additionally, in 


108 


the case of owls (Bubo virginianus, Strix varia, Asio otus) which were experimentally 
infested, the clinical disease did not manifest itself, but T. gondii was identified in 
these birds. In contrast, the parasite could not be isolated from an experimentally 
infested sparrow hawk (Falco sparverius) (Szabo et al. 2004). 

Viable forms of the parasite could be isolated from the heart of 8 of 16 turkeys 
(Meleagris gallopavo) in Alabama, and fatal forms of the disease have been observed in 
wild turkeys in Georgia and West Virginia. Genotype III of Toxoplasma gondii has been 
identified in one of four Canadian geese (Brante canadensis) in Mississippi (Dubey 
et al. 2004b, 2004c; Weiss and Kim 2004) (Table 20). 


Fish, reptiles and amphibians 


Toxoplasmosis does not occur in these species. Reptiles can be made susceptible 
to T. gondii, but this would mean that they would be experimentally infected and 
maintained at a temperature of 37-40 °C (Weiss and Kim 2004). 


4.6.4. T. gondii Infection in Zoos 


The presence of toxoplasmosis in Zoos is a management problem, both due to 
the impossibility of controlling the elimination of oocysts by cats in these areas, and 
due to the accidental access of stray cats. 

Among the mammal species in Zoos that frequently develop toxoplasmosis are 
Australian marsupials, New World monkeys and Arboreal monkeys, lemurs and 
Pallas cats. The lesions identified were characteristic of acute toxoplasmosis, but 
the most severely affected organs were the lungs, liver and spleen. Sporadic cases 
of acute toxoplasmosis have been reported in some antelopes (Madoqua guentheri 
smithi), meerkats (Suricata suricatta) and porcupines (Coendou mexicanus). A case of 
toxoplasmic abortion has been reported in the Green Ox (Ovibos moschatus wardi) in 
Greenland, but abortion and neonatal death have also been reported in some captive 
antelopes (Boselaphus tragocamelus). Additionally, in the antelope (Saiga tatarica), in an 
adult female, the fatal form of the disease was also identified. T. gondii was isolated, 
and confirmed by PCR, from the liver, lungs, spleen, kidneys and intestines (Weiss 
and Kim 2004). 

Acute toxoplasmosis has been described in captive gazelles (Gazella cuvieri, 
Gazella leptoceros, Gazella dama, Litocranius walleri) in Zoos in North America. These in- 
fections were spread, and the most affected organs were the liver, lungs, lymph nodes, 
adrenal glands, spleen, intestines and brain. Toxoplasmosis has also been found 
in zoological birds, such as canaries. Genotype III was isolated in five out of five 
black-winged parrots (Eos cyanogenia) following the diagnosis of acute toxoplasmosis 
in a South Carolina avian (Weiss and Kim 2004). 

Management and administrative programs in Zoos could be useful for the 
prevention of toxoplasmosis in mammalian and bird species with a high susceptibility 
to this disease. Cats should not be fed fresh, unfrozen meat due to the possibility of 
tissue cyst infestation. Meat should be frozen and thawed before administration to 
cats, as tissue cysts are destroyed at freezing temperature. The access of common 
cats to Zoos should be strictly controlled, due to the possibility of them spreading 


109 


oocysts. Species with a high susceptibility to toxoplasmosis should not be housed 
near cats (Figure 15). 


Figure 15. Toxoplasma risk factors for animals from Timisoara Zoo, Romania. Source: 


Photos by authors. 


Outdoor birds also pose a risk of spreading toxoplasmosis by ingesting oocysts, 
either directly from cat feces or by consuming vector hosts (insects, cockroaches— 
kitchen) and eliminating them inside Zoos (Weiss and Kim 2004) (see Table 20). 


4.6.5. T. gondii Infection in Endangered Species 


Toxoplasmosis can also adversely affect endangered species of mammals and 
birds. The Alala crow (Hawaiian crow, Corvus hawaiiensis) is an endangered species of 
which only 25 specimens remained in captivity and in the wild in 2000. Unfortunately, 
this is one of the species very susceptible to fatal toxoplasmosis, and it develops the 
disease after being reintroduced into the wild. Toxoplasmosis seems to be a major 
problem facing the program that aims to introduce this species back into the wild. 
Groups of monkeys—Leontopithecus rosalia—bred in captivity in North America and 
Europe appear to frequently develop the acute and fatal form of the disease. These 
tree monkeys are on the verge of extinction and are being raised in captivity for their 
eventual release back into the wild, with the hope of saving the species. Because of 
this, it is difficult to avoid exposure to Toxoplasma gondii infection (Weiss and Kim 
2004). 


4.7. Toxoplasmosis Prevalence in Humans 


Toxoplasmosis is one of the most common parasitic zoonoses in the world. In 
1939, Sabin (cit. by Tenter et al. 2000) demonstrated for the first time that Toxoplasma 
isolated from humans and Toxoplasma from animals belong to the same species 
(Tenter et al. 2000). In 1948, the introduction of the methylene blue test by Sabin 
and Feldman made it possible to develop seroepidemiological studies in humans 
and a large number of animal species. Since then, it is estimated that about one- 
third of the world's population has been exposed to infection with this parasite, but 
the prevalence of infection in humans is very different between different countries, 
between different geographical areas of a country and between different ethnic 
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groups in the same area (dos Santos et al. 2010). In the last three decades, variations 
in the presence of T. gondii antibodies have been obtained from 0 to 100% in different 
adult human populations (Macpherson 2005; Dubey and Jones 2008). 

When comparing disease seroprevalence data, it should be taken into account 
that the different methods used to obtain these data are not standardized. The Sabin- 
Feldman colorimetric test, which is considered to be “golden” in detecting antibodies 
in humans, is laborious and has a disadvantage, as it requires a continuous stock 
of live parasites. For the detection of antibodies, there are several types of serolog- 
ical tests (DAT, ELISA, IFAT, IHAT, LAT, SFDT) that differ in terms of sensitivity, 
specificity and resulting values (Cilievici and Cretu 2007; Dubey et al. 2014a). 

Two tests do not give the same results even if they are performed in the same 
laboratory. In addition, the prevalence rate differs over time and depending on the 
age of the individuals studied (Barabas-Hajdu et al. 2007). All of these tests compare 
the prevalence of the disease based on age, human culture, environmental factors or 
other factors that may influence the epidemiology of the disease. For example, in the 
1990s (Dubey and Lappin 1998; Cook et al. 2000; Tenter et al. 2000), in some Central 
European countries such as Austria, Belgium, France, Germany and Switzerland, 
a prevalence of between 37 and 58% was estimated in pregnant women with no 
obstetric history. A similar seroprevalence was observed in Croatia, Poland, Slovenia, 
Australia and North Africa. In contrast, an increased seroprevalence was observed 
in some Latin American countries such as Argentina, Brazil, Cuba, Jamaica and 
Venezuela, between 51 and 72%, and in West African countries between 54 and 
77%. A lower seroprevalence was reported in South Asia, China and Korea (4—39%) 
and in cold climates, such as the Scandinavian countries (11-28%) (Lindová et al. 
2006). Messier et al. (2009) identified a prevalence of 59.8% in Inuit in Quebec, 
Canada (Messier et al. 2009). Low prevalence of toxoplasmosis has also been found 
in vegetarians (Hall et al. 1999; Roghmann et al. 1999). 


4.7.1. Toxoplasma gondii Infection in Human Adults 


While T. gondii infection is very common in humans, the clinical expression 
of the disease is more common in at-risk groups. In immunocompetent people, 
the disease most often develops asymptomatically. Occasionally, mild symptoms 
may occur, of which lymphadenopathy is the most significant clinical manifestation. 
Encephalitis, septicemic syndrome, myocarditis or hepatitis may also occur, but these 
are very rare in immunocompetent people (Dubey 2005). 

Since the early 1950s, T. gondii infection has been recognized as an important 
cause of chorioretinitis, with ocular toxoplasmosis being considered the result of a 
prenatal infection that manifests later in life (Soiza and Pastor 1970). While choriore- 
tinitis lesions in congenital toxoplasmosis are well known, the question has arisen as 
to whether similar ocular lesions in older children or adults are the result of a recent 
infection, primary infection or reactivation of prenatal infection. 

While previous studies have relied on sporadic cases of Toxoplasma chorioretini- 
tis, recent studies (Radbea et al. 2006a) have examined numerous cases due to the 
outbreak of acute toxoplasmosis in adults due to various causes. In cases where the 
source of infection was established by epidemiological research, the period between 


111 


the primary infection and the appearance of clinical signs was between one month 
and 3.5 years, and the age of patients ranged from 10 to 57 years, but most patients 
develop the lesions retinally less than one year after infection (Dubey and Beattie 
1990; Fan et al. 2007). 

In immunocompromised people, a previous latent infection may reactivate, 
with manifestations of encephalitis. Toxoplasma encephalitis and disseminated toxo- 
plasmosis have been observed in patients with immunosuppression due to various 
causes. Disseminated toxoplasmosis can also complicate organ or bone marrow 
transplants, or it can occur as a result of transplants from a donor infected with 
T. gondii to a susceptible receptor, or by reactivating a latent receptor infection, due to 
immunosuppressive treatments (Durecko et al. 2004). 

T. gondii is an opportunistic pathogenic factor in people with AIDS. Worldwide, 
T. gondii causes severe encephalitis in over 40% of AIDS patients, and 10-30% of them 
die from the disease (Erscoiu et al. 2007). By restoring immunity and specific therapy, 
the incidence of CNS toxoplasmosis in AIDS patients is now declining in many 
countries, and the reactivation of a latent infection can be prevented by prophylactic 
treatment with trimethroprim-sulfamethoxazole (Erscoiu et al. 2007). 


4.7.2. Congenital Toxoplasmosis 


In 1923, Janku et al., (cit. Tenter et al. 2000) first described Toxoplasma gondii 
tissue cysts in the retina of an 11-month-old child with hydrocephalus and congenital 
microphthalmia (Tenter et al. 2000). This was later recognized as the first case of 
congenital toxoplasmosis in a human. In the late 1930s, the studies of Wolf and 
Cowen, (cit. by Tenter et al. 2000) demonstrated that T. gondii is the causative agent 
of encephalomyelitis in newborns (Tenter et al. 2000). 

Data on the description of toxoplasmosis in humans also come from 1938, in 
America. T. gondii was identified in a newborn girl who, at the age of 3 days, had 
seizures and macular lesions in both eyes. The baby died one month after birth. Fol- 
lowing necropsy, extra- and intracellular T. gondii tachyzoites from encephalomyelitis 
and retinitis lesions were identified (Figures 16-19). Samples were taken from the 
cerebral cortex and spinal cord, which were homogenized with saline and inoculated 
intracerebrally in rabbits and mice. The animals developed encephalitis, the parasite 
could be isolated from neural lesions, and the passage on other mice resulted in 
success (Desmonts and Couvreur 1974). 

Clinical manifestations in toxoplasmosis: 
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Figure 16. Signs of hydrocephalus (Congenital Toxoplasmosis). Source: Available 
online: www.medical-labs.net/toxoplasma-gondii-2986 / (accessed on 06 March 
2019). 


Figure 17. Skull increased and brain decreased due to fluid accumulation (Neonatal 
hydrocephalus associated with toxoplasmosis). Source: Available online: www.ma 
ternofetal.net/en/toxoplasmosis-the-pregnant-woman-and-the-cats/ (accessed on 
19 October 2018). 


Figure 18. Intracerebral calcification (arrow) (Toxoplasma periventricular calcifica- 
tion). Source: Available online: www.medical-labs.net/toxoplasma-gondii-298 
6/ (accessed on 6 March 2019). 
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Figure 19. Strabismus and visual disorders. Source: Reprinted from (Fahnehjelm 
et al. 2000). 


In immunocompetent individuals, if the primary infection occurs 4-6 months 
before conception, or even earlier, the developed immunity will prevent vertical 
transmission to the fetus in case of subsequent exposures. Exceptions are immuno- 
compromised women with systemic lupus erythematosus or immunodeficiency 
syndrome (AIDS) in whom previous infections are transmitted congenitally (Dunn 
et al. 1999; Erscoiu et al. 2007). 

If the first infection occurs during pregnancy, T. gondii is transmitted to the fetus 
even in immunocompetent women. In the last weeks of pregnancy, the transmission 
rate is over 90%, and in the first 6 weeks, the rate is below 2%. The average trans- 
mission rate is 14% in the first trimester, 30% in the second trimester and 59% in the 
third trimester of pregnancy (Teodorescu et al. 2007). 

The mechanism of vertical transmission is still unknown (MacLaren et al. 2004). 
It seems that temporary parasitemia would be important in the first infection of 
pregnant women, which could cause the invasion of the placenta by tachyzoites. 
Eventually, some tachyzoites could cross the placenta and thus reach the fetal circu- 
lation or fetal tissues. Congenital toxoplasmosis can lead to miscarriage, neonatal 
death or malformations in the fetus, as well as a lower quality of life in fetuses that 
survive (Tenter et al. 2000; Olariu et al. 2008a, 2008b). The risk of intrauterine infec- 
tion of the fetus, the risk of congenital toxoplasmosis and the severity of the disease 
depend on the time of infection during pregnancy, the number and virulence of 
parasites transmitted to the fetus and the age of the fetus at the time of transmission 
(Wang et al. 2006). If not treated in time, the risk of intrauterine infection of the fetus 
increases during pregnancy from about 14% after the first infection of the mother 
in the first trimester to about 59% after the first infection of the mother in the last 
trimester. 

The incidence also varies depending on the methods of estimating the disease. 
Estimation can be made directly, considering the number of survivors at birth or 
in the immediate aftermath, or indirectly, considering children who may survive 
T. gondii infection during pregnancy. Recent estimates are based on serological 
studies, suggesting an incidence of primary infection during pregnancy from 1 to 310 
out of 10,000 pregnancies. These percentages are slightly higher if only susceptible 
women who did not develop immunity before conception are taken into account 
(Tenter et al. 2000). If the risk of intrauterine infection of the fetus is increased, then 
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the effects are all the more severe, as the transmission takes place in an earlier stage 
of pregnancy. The most significant manifestation is encephalomyelitis, which can 
have severe consequences (Neagoe et al. 2007). 

About 10% of prenatal infections end in abortion or neonatal death, and another 
10-23% of prenatal infections result in clinical signs in newborns from birth. The 
classic signs of congenital toxoplasmosis—chorioretinitis, intracranial calcifications 
and hydrocephalus—occur in about 10% of these newborns, while in other newborns, 
there are a variety of symptoms, from nervous symptoms to non-specific symptoms 
of an acute infection: convulsions, splenomegaly, hepatomegaly, fever, anemia, 
lymphadenopathy, etc. About 12-16% of these newborns die (Radbea et al. 2006b). 
Survivors have mental retardation or other neurological impairments that require 
special education. If the infection occurs in a more advanced stage of pregnancy, the 
effects on the fetus are less severe, and those who are infected in the last trimester of 
pregnancy are asymptomatic at birth. Approximately 67-80% of prenatal infections 
are subclinical and can only be diagnosed using serological or other laboratory 
methods (Neagoe et al. 2007). These newborns appear healthy at birth, but they 
may have clinical symptoms or various deficiencies later in life. These deficiencies 
mainly affect the eyes (chorioretinitis, strabismus, blindness), the CNS (psychomotor 
or other neurological deficiencies) or the hearing (deafness). It has been estimated 
that in about one-third of prenatal infections, children will have visual problems later 
in life (Olariu et al. 2008b). 


4.7.3. Behavioral Disorders Induced by Toxoplasma gondii Infection 


In order to study whether toxoplasmosis induces various behavioral changes in 
humans, laboratory tests were performed and questionnaires were applied. Thus, it 
has been observed that people with chronic toxoplasmosis have an attention deficit 
(Havlícek et al. 2001). By serologically examining people involved in various car 
accidents, it was found that many individuals had anti-Toxoplasma antibodies. The 
researchers concluded that people with chronic toxoplasmosis are twice as likely to 
cause car accidents as people who are seronegative (Flegr et al. 2002, 2009; Yereli et al. 
2006; Kocazeybek et al. 2009). 

Congenital toxoplasmosis, contracted in the first trimester of pregnancy, causes 
intracranial calcifications, mental retardation, deafness, seizures and retinal damage 
in children. If the infection occurs in the last trimester of pregnancy, the child will 
have a lower IQ and other sequelae that may occur later in life (Alford et al. 1974; 
Wilson et al. 1980). In congenital toxoplasmosis, psychic sequelae (psychosis or 
schizophrenia) could not be demonstrated. However, in postnatal toxoplasmosis, 
and in the chronic phase of the disease, more and more studies confirm the association 
of mental illness with this parasitic infection (Kramer 1966; Ladee 1966). An example 
of this is the case of a 20-year-old man who had delirium, auditory hallucinations 
and catatonic manifestations and who was diagnosed with Toxoplasma encephalitis 
(Freytag and Haas 1979). Other authors have associated suicidal tendencies with 
elevated serum anti-Toxoplasma antibody titers (Yagmur et al. 2010). 

Some studies suggest that different strains of T. gondii cause different behavioral 
changes in experimentally infested mice (Kannan et al. 2010). Type I is known to be 
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more lethal to mice than types II and III, but it is not known whether this may be true 
for humans. Starting with this premise, it was observed that type I is more frequently 
involved in the production of psychotic symptoms, especially affective psychoses, in 
people with chronic toxoplasmosis, compared to types II and III (Xiao et al. 2009). 

It has been known for more than 40 years that neurotransmitters are involved in 
the pathogenesis of schizophrenia. The excess of dopamine is the most incriminating 
factor involved in this disease. Researcher Henry Stibbs (1985) began the study of 
toxoplasmosis, stimulated by the idea of the effects produced by T. gondii on learning 
and attention, memory and behavior in mice and rats. He infected mice with the C56 
strain of T. gondii, which he sacrificed at different stages of the disease. Some were 
sacrificed in the acute phase of toxoplasmosis, and some in the chronic phase. The 
brains were evaluated neurochemically, and it was observed that in the acute phase 
of the disease, the level of dopamine was not altered compared to normal limits, 
but in the chronic phase, this level was increased by 14%. The study concluded that 
T. gondii causes changes in the metabolism of catecholamines. This could contribute 
to the psychological and motor changes encountered in experimentally infested mice 
(Stibbs 1985). Other researchers suggest that elevated dopamine levels are caused by 
activated cytokines due to the presence of the T. gondii parasite in the body (Flegr 
et al. 2003; Flegr 2007). 

In 2009, Dr. Glenn McConkey of the University of Leeds in the United Kingdom 
demonstrated that T. gondii has genes that encode two of the enzymes needed to 
make dopamine. The parasite has genes for phenylalanine hydroxylase, which con- 
verts phenylalanine to tyrosine, and genes for tyrosine hydroxylase, which converts 
tyrosine to dopa, the precursor of dopamine. These genes could not be found in 
other parasites except for Neospora. This research suggests the possibility that, in 
individuals with schizophrenia and chronic toxoplasmosis, the excess dopamine 
identified may be induced by the parasite (Gaskell et al. 2009). Antipsychotic medica- 
tion with dopamine inhibitory action is used to treat schizophrenia. Administration 
of haloperidol to mice experimentally infested with T. gondii resulted in an improve- 
ment in toxoplasmosis-induced behavior, explained by the ability of haloperidol to 
inhibit parasitic replication and thus implicitly reduce dopamine levels (Webster et al. 
2006; Webster and McConkey 2010). 
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5. Methods of Diagnosis in Toxoplasmosis 
5.1. Epidemiological Diagnosis 


Epidemiological diagnosis considers the possible cohabitation of farm animals 
with cats and the possibility of them defecating in feed depots. In humans, the 
disease can be suspected if the patient eats poorly cooked meat or if he is a cat 
owner (Darabus et al. 2006). In the case of parasitized animals, the epidemiological 
diagnosis may be suspected depending on their living environment and maintenance 
(rural, yard, contact with other animal species) and their diet (raw meat, game). In 
sheep, transmission can be achieved through grains that are administered in the last 
part of pregnancy, but also through the consumption of infected placentas, in pigs 
through ear and tail biting and in cats through the consumption of game species 
(Tenter et al. 2000). 


5.2. Clinical Diagnosis 


Establishing a definite clinical diagnosis is impossible due to the non-specific 
symptoms. In intermediate hosts, the symptoms are similar, with differences in the 
intensity of symptoms depending on the susceptibility of the species to this disease. 
In cats, parasitism with T. gondii develops asymptomatically. 

Clinical signs are more severe in transplacental transmission. Animals infected 
with T. gondii can abort or give birth to non-viable products, which are much smaller 
than normal. Some fetuses may be of normal size but may have fatal clinical mani- 
festations from the first days of life to the age of 1 year: diarrhea, dyspnea, cough, 
hyperthermia, ataxia, weight loss and mortality in a proportion of 50%. Those 
who survive are usually left with nervous (ataxia) and ocular (visual disturbances) 
sequelae (Dubey 2005). 

Postnatal infested animals show clinical signs that may be the cause of pul- 
monary, neuro-muscular localizations or the cause of generalized infection. The 
neurological form of the disease can last for several weeks without affecting other 
systems, while severe damage to the lungs or liver can cause animal death (Klein 
et al. 2010). Myocardial damage is usually subclinical; arrhythmias and other heart 
disorders rarely occur (Dárábus et al. 2006). Neurological signs also depend on the 
location of the lesion: at the cerebral, cerebellar or spinal level and can be observed 
nervous breakdowns, cranial nerve damage, tremor, ataxia, paresis or paralysis. 
Animals with myositis first have abnormal muscle dysfunction, and then paraparesis 
or tetraparesis can progress rapidly to paralysis of motor neurons (Cosoroabá 2005). 

Also, anterior or posterior uveitis in one or both eyes is common, and iritis, 
iridocyclitis, or chorioretinitis may develop on its own or at the same time. Crystalline 
dislocation, glaucoma or retinal displacement are common manifestations of uveitis, 
and chorioretinitis may occur in the area of tapetum lucidum or tapetum nigricans. 
Ocular toxoplasmosis occurs in animals with polysystemic clinical signs (Dubey 
2005). 

A statistical study found that in 100 cats with histologically confirmed toxoplas- 
mosis, the clinical signs were diverse, but lung infections (97.7%), CNS infections 
(96.4%), liver infections (93.3%), cardiac (86.4%), pancreatic (84.4%) and ocular (81.5%) 
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infections were the most common (Dubey and Lappin 1998). In experimental Toxo- 
plasma infestation, cats infected with IVF (feline immunodeficiency virus) had severe 
forms of pneumonia and hepatitis, while cats not infected with IVF had multifocal 
chorioretinitis and previous uveitis (Tenter et al. 2000). 

Behavioral changes: Pigs infected with T. gondii appear to show more cannibal- 
ism actions (Macpherson 2005; Lindova et al. 2006; Wang et al. 2006). 

As early as the late 1970s, researchers Piekarski and Witting began studying 
behavioral changes induced by chronic T. gondii infection. Early observations sug- 
gested decreased learning ability in mice and rats and impaired memory in mice. 
Other researchers (Hutchinson and Hay) have observed hyperactivity, especially in 
exploring a new environment (Holliman 1997). Continuing research, Webster (1994) 
observed that experimentally infested mice were more active and were not frightened 
by the smell of cat urine (Berdoy et al. 2000). Due to the lack of conservation instinct 
for danger, mice can be hunted more easily by cats (Webster 2001, 2010). Moreover, 
Vyas et al. (2007) suggests that mice are not only not frightened by the smell of cat 
urine, but even have an attraction to the pheromones released by the final host (Vyas 
et al. 2007). These behavioral changes ensure the completion of the biological cycle 
of the T. gondii parasite and may represent a hypothesis of “manipulation” by the 
parasite on the host. The results of research suggest that T. gondii induces specific 
brain changes. These hypotheses are also supported by Gulinello et al.'s (2010) stud- 
ies which show that experimentally infested mice have a complex brain pathology as 
well as motor and sensory deficits, but cognitive abilities are not impaired (Gulinello 
et al. 2010). 


5.3. Diagnosis in Slaughterhouse 


The necropsy diagnosis at the slaughterhouse is very difficult to make. Focal 
necrotic lesions of a few mm, located in the muscles, lungs, liver, spleen and, possibly, 
in the nerve centers, must attract attention (Nesbakken, Truls 2009. Food Safety in 
a Global Market—Do We Need to Worry?). However, it is very difficult to impose 
a detailed necropsy examination of each carcass, even if it is known to come from 
HIV-positive animals (Jay et al. 2005). 

In the absence of lesions, parasites can be detected after peptic digestion, by 
histological sections stained by silver impregnation or by lamellae display of the 
brain substance. But these examinations cannot be practiced systematically in slaugh- 
terhouses (Colville and Berryhill 2007). 

Serological diagnosis is possible in slaughter animals, but is neither practical 
nor economically justified (Sickinger et al. 2009). 


5.4. Morphopathological Diagnosis 


The anatomopathological diagnosis mainly concerns the presence of necrotic 
foci in various tissues and organs (brain, lungs, liver, mesenteric lymph nodes). In 
intermediate host species, macro- and microscopic lesions are similar to those in cats. 
There are pneumonias, encephalitis, keratitis, corneal ulcers and abortions (Dárábus 
et al. 2006). 
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Typical miliary necrosis lesions can be seen on fetal coatings and abortions. 
Some fetuses can be macerated or mummified. Abortions present with intestinal 
congestion, cerebral congestion, infiltrated connective tissue, serosanguinous fluids 
in the abdominal, thoracic and pericardial cavities (Tenter et al. 2000). In full-term 
infants, but suffering from a congenital toxoplasmosis, various malformations can be 
found (hydrocephalus, hypotrophy, paraplegia) (Dubey and Lappin 1998). 

At the pulmonary level, whitish-gray nodules, approximately 5 mm, can be 
seen, located subpleural and in the parenchyma and fibrinous exudate. Bronchial 
lymph nodes are enlarged and necrotic. Necrotic foci have also been identified in the 
pancreas, liver, kidneys and spleen (Dárábus et al. 2006). Multiple ulcers, about 10 
mm, were identified in the stomach and small intestine. Cholangiohepatitis occurs 
only in cats, not in other intermediate host species (Tenter et al. 2000). 

Discolorations and necrosis, approximately 12 mm in diameter, and cerebral 
atrophy were observed in the CNS. At the neural level, necrosis, gliosis and vasculitis 
are characteristic of non-suppurative meningoencephalomyelitis in foci. Myositis can 
occur in the muscles of the limbs, but also in the myocardium. Affected muscles are 
pale, reduced in volume, and in severe or chronic cases are replaced by connective 
tissue (Zhang et al. 2009). 


5.5. Histopathological Diagnosis 


Tachyzoites can be identified in various tissues and fluids of the body by histo- 
logical examination during the acute phase of the disease. They are rarely found in 
the blood (parasitemia lasting only 1-2 days), CSF, in aspiration or washing fluids, 
tracheal or bronchoalveolar, but are often found in thoracic or peritoneal fluids, or 
in thoracic effusion or ascites fluids (Petersen et al. 2006). The presence of tachy- 
Zoites in histological sections or in organic fluids, demonstrated by the method of 
immunoperoxidase with monoclonal antibodies, establishes a definite diagnosis. 
This technique has been shown to be very useful in the diagnosis of CNS lesions 
in immunosuppressed individuals (Palm et al. 2008). The microscopic diagnosis 
is made by examining smears of fetal or gastrointestinal fluids or fingerprints of 
the brain, spleen, lungs, liver, heart, cotyledons, stained May-Grunwald-Giemsa 
(M.G.G). For histopathological examination, sections of the brain that are stained 
with Giemsa can be performed (Palm et al. 2008). 

In dead animals, following the acute evolution of toxoplasmosis, foci of inflam- 
mation with mononuclear infiltrate can be identified, with or without necrosis in 
the foci, in a series of tissues and organs, such as liver, heart and lungs (Dubey and 
Lappin 1998). Necrosis and inflammation are usually associated with the presence of 
tachyzoites. 

Affected placental cotyledons show foci of coagulation necrosis, in case of 
abortion or fetal death in sheep and goats, these areas mineralizing over time (Buxton 
et al. 2007). In some cases, a small number of intra- and extracellular parasites can be 
observed at the periphery of necrotic areas or in newly infested villas (Dubey and 
Lappin 1998). 

Primary and secondary lesions may develop in the fetal brain. Microglial foci 
with the center usually necrotic and sometimes mineralized are associated with lym- 
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phoid meningitis in low-intensity foci and represent an immune response of the fetus 
in relation to the lesions caused by the local multiplication of the parasite. Toxoplasma 
cysts are rarely identified, usually at the periphery of these lesions. Outbreaks of 
leukomalacia are another common pathological change and are considered a result of 
fetal anoxia caused by placental lesions, which prevent adequate transfer of oxygen 
from mother to fetus (Pereira-Bueno et al. 2004). Such foci are usually identified in 
cerebral white matter and less frequently in cerebellar matter. Confirmation of the 
identity of parasite-like structures in tissue sections can be achieved by immunohis- 
tochemical technique that stains intact parasites and antigenic debris. Other suitable 
methods are indirect ABC immunoperoxidase and antiperoxidase (PAP) technique.! 

Cytological and histopathological investigations do not allow the detection of 
T. gondii tissue cysts in muscle tissue samples, because the tissue density of Toxoplasma 
cysts can be lower than 1/50 g of tissue, which drastically limits the possibility of 
identification by histological means (Garcia et al. 2006a). 

Histopathological, by staining hematoxylin-eosin preparations, tissue cysts 
appear in the form of circular structures, 5-50 um, filled with crescent-shaped brady- 
zoites, colored in blue. 

An alternative method of evaluating nerve tissue is to take a small portion of 
the rostral segment of the brain (dimensions approximate to those of a matchstick), 
which will then be compressed between the blade and the blade. Tissue cysts are 
easily detected on microscopic examination. 

The impossibility of detecting tissue cysts does not exclude a positive diagnosis. 
In this case, murine sera are evaluated for the presence of anti-Toxoplasma antibodies 
(IFAT). Toxoplasma infection is not considered if the result of this evaluation is also 
negative (see Footnote 1). 


5.6. Experimental Diagnosis 


The presence of T. gondii can be confirmed by i.p. inoculation, on laboratory ani- 
mals or on cell cultures. Laboratory mice are the most susceptible animals. Isolation 
of the parasite can be done from the brain of aborted fetuses and fetal membranes, 
from secretions, excretions, pathological fluids and other tissues, which we suspect 
to be infected with T. gondii, obtained at necropsy or biopsy. Oocysts obtained from 
feces and spores can also be used for this purpose (Gatkowska et al. 2006). Tissue 
samples should not be frozen because the process kills parasitic elements (Zhang 
et al. 2009). 

For bioprobes, T. gondii-free mice are used, in which 1 x 107 tachyzoites from the 
RH strain of T. gondii are inoculated intraperitoneally (harvested immediately before 
from other mice or tissue cultures). Mice will be euthanized, their peritoneal fluid 
will be harvested and mixed with an equal volume of sterile PBS (Garcia et al. 2006a). 
Starting with day 4—6 p.i. peritoneal exudate of mice that have been inoculated i.p. 
is examined for the presence of T. gondii tachyzoites. Tissue cysts, more commonly 
located in neural tissue, are observed from week 4-6 p.i., and antibodies appear from 


1 OIE Terrestrial Manual, Chap. 1.09.10. Toxoplasmosis. Available online: https:/ /www.oie.int/en/?s- 


& search-Toxoplasma (accessed on 5 February 2020). 
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week 6 p.i. The optimal time to collect tachyzoites is 72 h after the initial infection, 
during which time they are found in a sufficiently large number (Cosoroaba 2005). 
At 7-14 days ascites appears, with the possibility of highlighting the parasite. This 
method is also used for the differential diagnosis of Hammondia hammondi, in 
which case myositis occurs at about 30 days (Krasteva et al. 2009). 


5.7. Radiological Diagnosis 


Radiographic images of the thorax, especially in animals in the acute phase of 
the disease, reveal the appearance of a diffuse interstitial alveolar aspect that goes 
until the appearance of the model with lobar distribution in foci (Dubey and Lappin 
1998). Symmetrical, diffuse and homogeneous increase in thoracic density due to the 
destruction of the alveolar walls and the union of the pulmonary alveoli was found 
in animals with severe forms of the disease. A moderate pleural effusion may also be 
present (Lago et al. 2007). 

At the abdominal level, radiographs reveal the presence of opaque masses in the 
intestines and mesenteric lymph nodes, or a homogeneous increase in radiographic 
density as a result of effusion. Loss of radiographic contrast in the right abdominal 
quarter may indicate the presence of pancreatitis (Dubey 2005). 


5.8. Aqueous Humor and Cerebrospinal Fluid Examination 


In animals with encephalitis or Toxoplasma uveitis, proteins and leukocytes 
may be increased in CSF or aqueous humor. Small or large mononuclear cells and 
neutrophils can be found, but the parasitic organism is rarely observed in these fluids 
(Hendrix and Sirois 2007). 

When specific antibodies are observed in these fluids, local production must 
first be differentiated from passive diffusion of antibodies due to vascular barrier 
destruction. In the case of serological tests for locations other than the eye or the 
CNS, a comparison can be made of antibodies in the aqueous humor and CSF with 
those in the blood, as well as against other agents of other infections that may have 
the same locations. 

This coefficient can be calculated as follows in Equation (1) (Dubey 2005): 


Anti — Toxoplasma antibodies Specific antibodies to other agents 
rom the watery humor (or CSF rom the blood 
Antibody Coef f. = f 4 l ) x f (1) 
Anti — Toxoplasma antibodies Specific antibodies to other agents 
from the blood from the watery humor (or CSF) 


Titers or equivalent numerical values obtained by ELISA or other methods will 
be replaced in this formula (Ghazaei 2006). Values of antibody coefficient higher than 
1 and especially higher than 8 are considered much more concrete evidence of local 
antibody production and associated to Toxoplasma infestations, respectively, than of 
the presence of antibodies due to vascular destruction (Dubey 2005). 

Occasional local production of anti-Toxoplasma antibodies in the eye (Ig G and 
Ig A) or in the CNS (Ig G) has been observed and studied after experimental infec- 
tions. However, local Ig M production detected only in naturally infested animals 
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with uveitis or clinical signs of encephalitis suggests that this class of CSF Ig or 
aqueous humor may be markers of clinical toxoplasmosis (Dubey and Beattie 1990; 
Ghazaei 2006). 

Toxoplasma in the aqueous humor of infested animals can be detected by PCR. 
Usually, the parasite is identified before it detects the production of antibodies in the 
eye. Because T. gondii can be identified from aqueous humor even in the absence of 
signs of uveitis, a positive result by PCR does not certify that the ocular signs are of 
Toxoplasma etiology (Contini et al. 2005). 

In animals of economic interest, diagnostic methods have not been so thoroughly 
investigated, probably due to the economic destination of these species and their 
short life. However, ocular changes, similar to those in humans, can sometimes be 
observed clinically: keratitis, corneal ulcers, hypopyon accompanied by periorbital 
edema and lagophthalmia (McAllister 2005; Cilievici and Cretu 2007). 


5.9. Haematological Examination 


Routine haematological parameters may be altered in animals with acute sys- 
temic toxoplasmosis. These parameters have been studied more intensively in cats 
than in animals of economic interest. The most common changes are: anemia, neu- 
trophilic leukocytosis, lymphocytosis, monocytosis and eosinophilia (Dubey 2005). 

Leukopenia, found in some cats with toxoplasmosis, can persist until death and 
is usually characterized by lymphopenia and absolute neutropenia, eosinopenia and 
monocytopenia (Calderaro et al. 2009). In experimentally infected cats, neutropenia 
and lymphopenia may persist for 5-12 days. Leukocytosis was observed in the 
remission phase of the disease. Lymphocyte counts of more than 7,000 cells/ ul were 
observed between the 28th and 154th day after the first inoculation. The second 
inoculation did not produce significant changes in the number of leukocytes (Dubey 
and Lappin 1998). 


5.10. Biochemical Examination 


Biochemical changes during the acute phase of the disease included hypopro- 
teinemia and hypoalbuminemia, and hyperglobulinemia was observed in animals 
with chronic toxoplasmosis. Increases in serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) have been observed in animals with acute hepatic 
and muscular necrosis. Serum creatine kinase activity is also increased in muscular 
necrosis (Dubey 2005). 

Serum bilirubin levels have also been increased in animals with hepatic necrosis, 
especially in those with cholangiohepatitis or hepatic lipidosis (Dubey and Lappin 
1998). In animals with pancreatitis, there was an increase in serum amylase and lipase, 
as well as a decrease in total serum Ca, with a normal albuminemia concentration. 
Animals may often have proteinuria and bilirubinuria (Dubey and Beattie 1990; 
Calderaro et al. 2009). 
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5.11. Antibodies Detection 


5.11.1. Serological Examination 


Several serological tests are currently available for the detection of anti- T. gondii 
antibodies (Lindsay and Weiss 2004). 

The dye test (DT), described by Sabin and Feldman in 1948, was the first diag- 
nostic method applied to identify specific anti-Toxoplasma antibodies. The color test is 
considered the “gold standard” of serological tests for the detection of anti-Toxoplasma 
antibodies. Live T. gondii tachyzoites are incubated for one hour at 37 ° C with a 
complement-like accessory factor and test serum, then methylene blue solution is 
added. Specific antibodies induce permeabilization of the tachyzoite membrane 
and, consequently, release of the cytoplasm from them. For this reason, tachyzoites 
incubated in the presence of positive sera (with anti- T. gondii antibodies) appear 
uncolored. On the contrary, the incubation of tachyzoites in the presence of negative 
sera (which do not contain specific antibodies) and the application of methylene blue 
lead to their staining in blue. DT is specific and sensitive in human patients, but may 
be inaccurate in other species. In addition, it is very risky because it involves the 
use of live tachyzoites. It should be noted that, in view of the new animal welfare 
requirements, the maintenance of tachyzoites in the peritoneum of laboratory mice 
should be avoided, using them whenever possible in cell cultures (Montoya 2002). 

Indirect immunofluorescence for antibodies—IFAT was introduced in practice in 
the 1960s. It is a simple and widely used technique, specific, but with lower sensitivity 
than the color reaction. Whole and inactivated Toxoplasma gondii tachyzoites are 
incubated with the diluted test serum, then the appropriate anti-species fluorescent 
serum is added, and the result is visualized under a fluorescence microscope. In 
the case of negative sera, tachyzoites will appear in red due to the autofluorescence 
of the blue Evan dye, and may also have a cap with green fluorescence at the pole 
(nonspecific polar fluorescence). Tachyzoites will show red fluorescence on at least 
8076 of their surface and will be surrounded by an uninterrupted band of green 
fluorescence in the presence of positive sera (Talari et al. 2004). 

The direct agglutination reaction—DAT is sensitive and specific. Formalized 
Toxoplasma gondii tachyzoites are introduced into U-shaped microtiter plates, the 
serum to be analyzed being applied over them. The positive samples will cause ag- 
glutination that can be graded, and the negative ones the precipitation of tachyzoites 
at the base of the wells. The test is easy, but requires a large number of parasitic 
antigens. DAT and latex agglutination (LAT) methods are not species specific, which 
is why they can be applied to all species. Indirect hemagglutination (IHA) does not 
require active antigens, but is less sensitive than the staining test or IFA. Latex ag- 
glutination (LAT) has a slightly better sensitivity, but cannot be used to differentiate 
classes of immunoglobulins (Gardner et al. 2000). 

The modified agglutination test (MAT) can only detect Ig G, but is very sensitive 
compared to other tests. The MAT method has been improved in terms of sensitivity 
and specificity to detect acute or chronic toxoplasmosis using acetone- or formalin- 
fixed trophozoites. Antibodies to acetone-fixed antigens are only relevant during 
acute infestations (less than three months after infestation), while antibodies to 
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formalin-fixed antigens may remain at high titers for several years (Calderaro et al. 
2009). 

The enzyme-linked immunosorbent assay (ELISA) became available in 1972. 
The ELISA can detect Ig G, Ig M and Ig A. The original ELISA technique uses a soluble 
antigen, prepared from tachyzoites belonging to the RH strain of T. gondii, applied 
to the wells of microtiter plates. To this is added the test serum (eg, serum of ovine 
origin) and then an anti-species enzyme—labeled conjugate, such as horseradish 
peroxidase—labeled anti-ovine IgG. The attachment of the conjugate causes color 
changes in the substrate, in direct relation to the number of bound antibodies, which 
can be read with the aid of a spectrophotometer at the specific absorbance of the 
substrate used. ELISA is as sensitive as IFA and more sensitive than LAT or IHA 
(Gross et al. 1993; Glynn 2008). 

A kinetic ELISA (KELA) technique has recently been developed. The KELA 
system measures the rate of reaction between the bound enzyme and the substrate 
solution that leads to color. The optical density is read three times at 45-s intervals 
(using the KELA data management program), and the results are expressed as graphs. 
The correlation between ELISA and KELA results is very high, both being excellent 
diagnostic tools (Golkar et al. 2008). 

Another diagnostic method is the anti-Toxoplasma IgG maturation test to de- 
termine the time of infection. This test shows an increase in the avidity of specific 
anti-Toxoplasma antibodies in the IgG class as the immune response matures, and 
the time of infection can be determined within a maximum of three months after 
infestation (Auer et al. 2000). The test has been adapted to automated systems, 
and new variants allow the exclusion of acute toxoplasmosis for an interval of 3-4 
months ago in patients who possess antibodies with high avidity (Remington et al. 
2004). However, the presence of IgG with reduced or intermediate avidity is not 
equivalent to the diagnosis of the acute form because it is known that the maturation 
of antibodies shows significant individual differences. In addition, some individuals 
possess IgG with reduced avidity for several months after infection, and therapy 
and/or pregnancy may delay IgG maturation (Robert-Gangneux et al. 1999). By 
comparing the maturation of the IgG response in pregnant and treated women, with 
that observed in untreated patients and without physiological gestational status, in 
the latter category a much faster maturation of IgG was observed in the first four 
months after infection (Roberts et al. 2001). The average value of the avidity index 
is 0.3 in patients with acute infection, an index that can be kept low (0.1—0.6) in the 
first nine months after infection (Cozon et al. 1998). The test designed for sheep in 
order to detect IgG avidity for T. gondii P30 antigen is an appropriate diagnostic 
tool by differentiating relatively recent infections from those with long evolution 
(Pietkiewicz et al. 2007). 

For the detection of acute infection, the association between a sensitive test for 
the identification of anti-Toxoplasma IgM and the determination of the avidity index 
of anti-Toxoplasma IgG possesses the highest predictive value regarding the time of 
infection (Olariu et al. 2006). However, the Ig G avidity test does not contribute to 
the diagnosis of reactivated toxoplasmosis (Lachaud et al. 2009; Tekkesin et al. 2011). 

Once infected, the animals carry tissue cysts for the rest of their lives. Ig G in 
chicks born to mothers with chronic infection, is transmitted through colostrum and 
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persists 8-12 weeks after birth. Serological controls indicate that T. gondii infection is 
widespread worldwide (Wallace 1969; Chinchilla et al. 1994; Roghmann et al. 1999). 
The prevalence of HIV-positive cases increases with the age of the animals due to the 
high possibilities of exposure (Cosoroabá 2005). 

The biggest problem of the diagnostic act is the situation in which specific anti- 
Toxoplasma antibodies are identified in the first sample collected after conception, 
because the moment of infection becomes a key element for estimating the degree 
of risk in which the fetus is (Pinon et al. 2001). The response to anti-Toxoplasma IgG 
antibodies develops in the first eight weeks after infection, after which the IgG titer 
is maintained at a high level, which may or may not be accompanied by a decline 
in IgM antibodies. Low titers of anti-Toxoplasma IgM can be detected up to several 
years after an acute infection, which demonstrates that low levels of anti-Toxoplasma 
antibodies are not a sign of acute infection (Petithory et al. 1996). Individuals positive 
for anti-Toxoplasma IgM, but with a low titer, should be retested every two weeks. 
Only the association between a technique with high sensitivity in IgM detection with 
the IgG avidity test ensures excellent diagnostic performance (Silosi et al. 2007). In 
contrast to these, methods for detecting IgA or IgE have been shown to be less useful 
in diagnosing acute infection (Dubey and Lappin 1998). 

The establishment of an antemortem diagnosis of a clinical toxoplasmosis should 
be based on the corroboration of the following parameters: 

1. serological evidence of a recent or active infestation, confirmed by high IgM 
titers, as well as by establishing IgG titers; 

2. the exclusion of other causes that could give similar symptoms; 

3. clinical positive response to one of the specific treatments for toxoplasmosis 
(Table 21). 

In cats, the positivity of a serological reaction does not provide any information 
regarding the elimination of oocysts in the feces. 

In case of infection of a cat by sporulated oocysts, whose sporozoites must 
undergo an exenteral evolution before locating as a Coccidia in enterocytes, the 
antibodies (Ig G, Ig M, Ig A) are detectable before starting the elimination of oocysts: 
Ig M at seven days, Ig A at eight days, Ig G at 15 days and oocysts at 21 days (Talari 
et al. 2004). 
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Table 21. Paraclinical elements in Toxoplasma gondii infection (by Weiss and Kim 
2004). 


Infection Type Paraclinical Signs 


Acute infection (e.g., lymphadenitis): - the serological test for IgM is positive; 
serial tests will demonstrate an increase in 
IgG titer. 


Acute toxoplasmosis during pregnancy: - the serological response is similar to that 
seen in other patients with acute infection; 
the most important aspect of this situation 
is the time of infection because IgM can 
persist for several months after an acute 
form of toxoplasmosis, and the risk of 
vertical transmission is associated only with 
the infection produced during pregnancy. 
The application of the IgG avidity test (with 
low index in acute infection), differential 
agglutination and the detection of the 
presence of IgA and/or IgE (which appear 
earlier than IgM) facilitates the definition of 
the moment of infection and the need to 
evaluate congenital transmission in utero. 


Chronic infection: - IgM absent, IgG present, but without 
changes in titer when analyzing serial 
samples. 


Reactivation of the disease in case of - absence of IgM and presence of IgG. Rare 

immunosuppression (for example, brain situations are also identified in which the 

toxoplasmosis in HIV/AIDS patients): serological examination is negative for both 
classes of antibodies, being necessary to 
take tissue samples to clarify the diagnosis. 
Due to the fact that the PCR technique is 
extremely sensitive in the mentioned 
situation, a positive result of it has 
diagnostic value. 


Congenital toxoplasmosis: for the diagnosis in utero, the association of 
PCR in amniotic fluid and ultrasonography 
is used. Serological examination of 
newborns will be positive for IgG (due to 
maternal antibodies). The presence of IgM 
or IgA in the newborn confirms the 
diagnosis of congenital toxoplasmosis, as 
well as the stable or serously increasing IgG 
titer. 


Source: Adapted from (Weiss and Kim 2004), used with permission. 
If the infection is achieved by bradyzoite cysts, after a shorter prepatent period, 


oocysts appear in the feces faster than antibodies in the blood: on the 4—5th day. 
In this case, of bradyzoite cyst infestation, Ig A antibodies appear after Ig G and 
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Ig M (34th week) and are not detectable during the fecal oocyst elimination period 
(Lachaud et al. 2009). 

In all cases, the elimination of oocysts is very short, while the persistence of 
antibodies is longer: 3-5 months for Ig M or even up to 6 months. Kittens born from 
a Toxoplasma infected mother eliminate oocysts and their blood has IgM, signs of an 
active infection (Cosoroaba 2005). 

Regarding the assessment of the risk to public health, the results of serological 
tests of cats can be interpreted as follows: 


- a seronegative cat is not eliminating oocysts, but can become exposed to some 
sources. This category of cats poses the greatest risk to public health; 

- a seropositive cat may not eliminate oocysts, especially in the case of reinfesta- 
tion or immunosuppression (Remington et al. 2004). 


Due to the fact that antibodies can appear in the blood of both healthy and 
sick cats, serological tests alone cannot reveal a clinical toxoplasmosis. Because 
IgM class antibodies are most often found in the aqueous humor of clinically or 
IVF-infected cats, but not in healthy cats, it has been concluded that IgM are more 
eloquent markers for clinical toxoplasmosis. than IgG and IgA (Thiele 1990). A 
negative serological response suggests that the cat has not yet been exposed to 
T. gondii infection and is still susceptible to infection in the future (Cosoroaba 2005). 


5.11.2. Oral Fluids Examination 


More and more studies highlight a new diagnostic method for the detection of 
Ig A and IgG anti-Toxoplasma antibodies in oral fluids. This method is non-invasive, 
applicable to patients of any age, including newborns. Comparative studies of 
oral fluids and peripheral blood, performed comparatively on the same groups of 
patients, highlight the increased relevance of this method in the rapid diagnosis of 
toxoplasmosis (Stroehle et al. 2005; Sampaio et al. 2014; Chapey et al. 2015). 

In humans, the use of oral fluids to detect Ig G antibodies is increasingly speci- 
fied in specialized articles. Using various methods, such as Western Blot, inhouse 
ELISA test, or others, subclasses of antibodies specific for T. gondii infection can be 
identified. The presence of antibody subclasses in oral fluid may be the body’s first 
line of defense. Studies on this topic have shown a difference in the profile of IgG 
antibody subclasses between saliva and serum. Thus, it has been shown that there 
is a richer immune response in saliva, as several subclasses of antibodies coexist at 
that level, unlike serum. These results highlight the major role of the oral immune 
system, which may have the ability to limit systemic T. gondii infection, an area of 
study that requires further research (Chapey et al. 2015; Styles et al. 2018). 

More recently, such studies have also been performed in experimental T. gondii 
infections in animals. Campero et al. 2020, and Teixeira et al. 2020, tested the 
effectiveness of oral fluid analysis to determine anti-Toxoplasma antibodies in animals 
(pigs and cats). The researchers showed that antibodies against T. gondii can be 
detected in oral fluids from experimentally infected animals and that IgA in particular 
was more relevant compared to IgG. These results can be used as a basis for the 
development of additional diagnostic tests, with a higher yield and a lower cost. This 
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inexpensive, non-invasive method, maintaining animal welfare, could be a screening 
option for animals, even on a farm, to determine exposure to T. gondii infection 
(Campero et al. 2020; Teixeira et al. 2020). 


5.12. Molecular Techniques of Diagnosis—Polymerase Chain Reaction (PCR) 


Molecular biology is based on techniques that allow the detection or capture 
of tiny amounts of nucleic acids. With the introduction of the polymerization chain 
reaction—PCR, higher levels of detection sensitivity and amplification of specific 
DNA sequences were achieved in a very short time. PCR is a relatively simple 
method, requiring a very small amount of biological material, whereby a DNA 
template or cDNA is amplified quickly and safely, thousands or millions of times’. 

Several PCR techniques have now been developed for the detection of T. gondii 
DNA. The main target regions are the repetitive sequences of the B1 and P30 genes 
(SAG1) and the 18S ribosomal RNA (rRNA). The sensitivity of the chain polymeriza- 
tion reactions is dependent on the number of copies of the target sequences (P30: one 
copy; B1: 35 copies; rRNA: 110 repeating units) (see Footnote 2). The B1 repetitive 
sequence amplification method has been used to evaluate lens aspirates in congen- 
itally infected human patients and has been shown to be more sensitive than the 
conventional diagnostic method (ELISA) (Li et al. 2006; Béla et al. 2008). Although 
PCR is a very sensitive technique, the interpretation of its results should be done 
with caution if applied as the only diagnostic method. A definite diagnosis can be 
made following the association of PCR with other diagnostic methods (Thiele 1990; 
Petersen et al. 2001). 

Real-time PCR technique allows simultaneous quantification and amplification 
of DNA (Kasper et al. 2009). The method is similar to other PCR variants and can 
be performed in 96-well microtiter plates (Harris and Jones 1997). The fluorogenic 
dye is intercalated with double-stranded DNA after each amplification step, and 
the results, illustrated on the amplification graph, allow the quantification of the 
parasitic elements in the DNA sample. The method was used to amplify and quantify 
the DNA of the B1 gene of T. gondii. Quantification of parasitic DNA can be used to 
determine the number of parasites in tissue or fluid samples, such as amniotic fluid 
in patients suspected of congenital infection (Cermáková et al. 2005; Su et al. 2006). 

The next method described is the nested form of PCR, which amplifies the 
repetitive DNA sequence of the B1 gene (Kocher et al. 1990). Parasitic DNA can be 
extracted and purified from several types of tissue, including the placenta, central 
nervous system, heart, and skeletal muscle. Erythrocytes are removed from tissue 
samples by lysis buffer washing and centrifugation. The DNA is extracted and then 
proteinase K is inactivated by boiling. B1 gene amplification is performed with 
two sense primers P1 and P2, two antisense primers P3 and P4 and 2.5 units of Taq 
polymerase (White 1996). 

Acute toxoplasmosis can be diagnosed by detecting anti-Toxoplasma antibodies 
using serological tests or T. gondii DNA in organic fluids or tissue samples. Identifi- 


? PCR ACCESS PCR Protocols and Reference Guide—Promega. Available online: https:/ /www.prom 
ega.ro/products/pcr/rt-pcr/access-rt-pcr-system /?catNum-A1260 (accessed on 15 March 2020). 
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cation of tachyzoite DNA in body fluids and tissue samples using PCR amplification 
is an effective method of diagnosing congenital and cerebral toxoplasmosis (Weiss 
and Kim 2004). Diagnostic techniques based on the detection of parasitic DNA use 
biological fluids (amniotic fluid and/or fetal blood, CSF) and tissues as samples 
(Fuentes et al. 1996; Nagy et al. 2006). Inoculation of these biological samples into 
mice or fibroblast cultures are frequently used techniques to establish a definite 
diagnosis. The mouse test allows the identification of viable parasites and the PCR 
of the parasitic DNA, even if the tissues are in the decomposition phase (Weiss 1995). 
PCR cannot highlight the risk of human infection because it does not distinguish 
between viable and non-viable parasitic elements. However, the human infectious 
dose is less than 104 tachyzoites. Thus, the sensitivity of the PCR technique for the 
529 bp fragment (10-102 tachyzoites /ml) should be sufficient to establish the risk 
situation of consumers (Garcia et al. 2006b). 

The disseminated form of toxoplasmosis can affect the brain, lungs and heart. 
An association of serological results, in vitro culture and clinical examination is 
required to establish the diagnosis. The analysis of bronchoalveolar fluid obtained 
by lavage using PCR with primers for genes B1 and P30 is much more sensitive than 
microscopy in the detection of parasitic elements of T. gondii (Petersen et al. 2006). 

PCR testing for B1 and P30 genes for blood samples for parasitemia is a high- 
potential technique, all the more so as it uses biological samples taken by non-invasive 
methods to diagnose disseminated toxoplasmosis. PCR has been shown to be more 
sensitive than monitoring for therapeutic effects in suspected cerebral toxoplasmosis. 
The level of parasitism can be approximated based on the intensity of the PCR signal 
by analyzing the agarose gel stained with ethidium bromide (Weiss 1995). 

There are also PCR methods for co-diagnosis in toxoplasmosis (Isaac-Renton 
et al. 1998). Considering that microscopic examination of feces is not sensitive 
enough to observe T. gondii oocysts, and inoculation on laboratory animals is long 
and expensive, PCR methods have been adapted to determine the DNA of T. oocysts. 
fecal gondii (Dumetre and Dardé 2007; Dumetre et al. 2008). 

Before use, the feces are subjected to mechanical vortexing and repeated freeze- 
thaw cycles in order to destroy the wall of the sporulated oocysts. The fecal samples 
are then prepared by the double centrifugation method, but with several centrifu- 
gation cycles to concentrate the oocysts. Samples are stored at —20 °C before being 
processed by PCR for DNA extraction (Dumetre and Dardé 2005; Sotiriadou and 
Karanis 2008). 

Thus, Salant et al. (2007) tested the coprodiagnostic PCR method in toxoplas- 
mosis. Out of 122 fecal samples from cats in Jerusalem, 11 positive results were 
found, while microscopic examination did not show any positive samples (Salant 
et al. 2007). 

It should be noted that cats begin to eliminate oocysts before antibodies form 
in the blood. PCR methods thus become very important in establishing an early 
diagnosis and the acute phase of elimination of T. gondii oocysts (Harris and Jones 
1997). 

Given that infestation of humans and animals is often achieved through con- 
taminated water or soil, these methods can also be adapted for the determination of 
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T. gondii oocysts in water and soil samples (Aramini et al. 1999; Afonso et al. 2008; 
Lass et al. 2009; Schares et al. 2008). 


5.13. Coprological Diagnosis in Cats 


Despite the high prevalence of antibodies in the serum of cats worldwide, the 
prevalence of T. gondii oocysts in their feces is low. In the United States, less than 1% 
of cats are found to eliminate oocysts (Dubey and Jones 2008). Because cats usually 
eliminate oocysts only 1-2 days after the primary infection, routine coproscopic ex- 
aminations rarely detect T. gondii oocysts (Airinei et al. 2007). Moreover, cats usually 
show no clinical signs of disease and do not have diarrhea during the elimination 
of oocysts. Although cats are considered refractory to a reocclusion of oocysts, they 
may eliminate a few oocysts after a new infection with another strain of T. gondii if 
more than 6 years have passed since the last infection. In the intestine of immune 
cats, only a part of the asexual development of the parasite takes place, compared 
to cats that have never had an infection, in which a complete developmental cycle 
takes place. In cats with chronic infection, immunosuppression with high doses of 
prednisolone (10-18 mg/kg orally, daily, or i.m., weekly) will result in a reuptake of 
oocysts, while a lower dose mg/kg i.m., for 4 weeks) will not have this effect (Garcia 
et al. 2007). 

In cat feces, oocysts of T. gondii cannot be morphologically differentiated from 
oocysts of Hammondia hammondi or Besnoitia darlingi. Oocysts of these coccidia can be 
differentiated only by sporulation or by inoculation on animals (Schares et al. 2008). 
T. gondii oocysts are one-fourth the size of Isospora felis oocysts and one-eighth the 
size of Toxocara cati eggs (which may be most common in cats) (Dubey 2009a). 

Classical fecal examination methods are fully suitable for the detection of pro- 
tozoan oocysts. The technique of direct smears, with sodium chloride solution and 
staining, becomes the optimal procedure for examining a fecal sample in order to 
detect protozoa. 

Staining can be used to identify certain structural characteristics of trophozoites 
and oocysts. Lugol and methylene blue solutions are most used for direct smear 
staining. These solutions do not preserve the blade, but facilitate the examination of 
the specimen, making identification easier (Ferguson 2009). 

Fecal flotation methods are based on the specific gravity of the parasitic material 
and fecal debris. Specific gravity refers to the weight of an object in relation to an 
equal volume of water. The specific gravity of parasite eggs is 1100-1200 g/ml, while 
the specific gravity of water is 1000 (Hendrix and Sirois 2007). In order for protozoan 
oocysts to float, the solution used must have a higher specific gravity than that of 
the parasitic material. Some saline or carbohydrate solutions are very suitable for 
flotation. Most have a specific gravity of 1200-1250. In general, heavier fecal debris 
descends to the base of the solution container and the parasitic material rises to its 
surface (Colville and Berryhill 2007). 

The sodium nitrate solution (315 g of sodium nitrate, 1 1 of water) is the vari- 
ant most frequently used in veterinary clinics, allowing the flotation of oocysts. 
Sodium nitrate can form crystals and, in case of prolonged exposure, can deform 
eges (Montoya 2002). 
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Another commonly used solution is carbohydrate. It does not involve high 
costs, does not crystallize and does not deform the eggs. Due to their very small 
size, T. gondii oocysts are best highlighted by centrifugation using Sheather sugar 
solution. First, 5-10 grams of feces are mixed with water until an aqueous consistency 
is obtained, and then the mixture is strained through gauze. Two parts of Sheather 
sugar solution (500 g of sugar, 300 ml of water and 6.5 g of melted phenol crystals) 
are added over one part of the fecal suspension, placed in a coated centrifuge tube 
and then centrifuged. After centrifugation at 1000 (rotations/minute) for 10 min, 1-2 
drops are taken with a pipette, placed on a slide, covered with a slide and examined 
under a microscope with the objective of 100 (Dubey 2005). 

The zinc sulphate solution (386 g of zinc sulphate, 1 1 of water) is usually used 
in diagnostic laboratories. Zinc sulfate induces protozoan flotation and a minimum 
degree of deformation. It is usually used in combination with one of the solutions 
mentioned above (Zhang et al. 2009). 

The last convenient option is the saturated sodium chloride solution (salt is 
added to the water until it no longer dissolves and tends to settle to the bottom of 
the container). However, it is corrosive to laboratory equipment, forms crystals and 
significantly deforms parasite eggs. It is also a weak environment for flotation be- 
cause its maximum specific gravity is 1200 (it allows heavier eggs to settle) (Hendrix 
and Sirois 2007). 

Standard or simple fecal flotation is the most commonly applied technique in 
veterinary clinics. The method involves the use of a test tube or ampoule in which the 
feces and flotation solution are mixed. The tube will be covered with a microscope 
slide and left to rest. Fecal eggs that reach the surface of the solution will adhere to 
the microscope slide. After removal from the tube, the slide will be examined under 
a microscope for parasitic material. Although the standard flotation technique is 
extremely easy, it does not have the same efficiency as the centrifugation method 
(Calderaro et al. 2009). Commercial flotation kits include filter ampoules and flotation 
solution. 

Highlighting oocysts via centrifugal flotation is the best method available. A 
concentration technique allows the examination of a large amount of feces in a 
relatively short time, requiring less time than the standard technique. The only 
disadvantage of this method is that it requires a centrifuge with a rotor adapted for 
15 mL tubes (fecal samples mixed with flotation solution are centrifuged for 3-5 
min at 1300-1500 rpm). If such a device is available, we consider that centrifugal 
flotation is preferable because the method is easy and the samples can be processed 
both individually and in batches (Dubey 2006). 

The double centrifugation technique involves centrifuging the fecal samples 
diluted with water at 1500 rpm for 10 min. This is followed by the second centrifu- 
gation, also at 1500 rpm, for 10 min, in which the supernatant initially obtained is 
replaced with carbohydrate solution (Dubey 2005). 

Quantitative procedures aim to determine the number of eggs or oocysts present 
in one gram of feces, which is considered a general indicator of parasitic load. How- 
ever, their usefulness is limited by the fact that, in case of polyparasitism, several 
types of parasitic material are present. Additionally, the elimination of oocysts may 
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be sporadic, and their number may not be correlated with the actual parasitic load 
(Hendrix and Sirois 2007). 

The diagnosis of toxoplasmosis in cats is necessary in measures to prevent trans- 
mission to women, especially pregnant women or individuals with compromised 
immunity. In such contexts, examination of feces is not the best procedure, as many 
cats deposit most oocysts in just 1-2 days, while the entire patent period can take up 
to 20 days. These days, only a few oocysts are removed and exams can be negative, 
although there are eliminations of oocysts (Cosoroabá 2005; Krasteva et al. 2009). 
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6. Elements of Epidemiology and 
Recommendations for Reducing 
Toxoplasmosis Seroprevalence 


Information collected in a study in Romania allows the synthesis of identi- 
fied epidemiological elements that contribute to maintaining a high prevalence of 
toxoplasmosis, and the enunciation of some recommendations (Verdes 2011). 

Thus, the transmission of the disease from cat to cat, through oocysts, makes 
it possible to resume the biological cycle of Toxoplasma gondii with the possibility 
of environmental contamination. The transmission of the disease from cats to farm 
animals is important both due to the possibility of infestation of other intermediate 
hosts, via carnivorism, and the risk of resuming the biological cycle of the parasite if 
that contaminated meat is eaten by parasitological negative cats. Additionally, the 
main danger is the possibility of transmitting the disease to humans or, moreover, 
to pregnant women. Due to the cats’ habit of burying their excrement, feed depots 
are a Suitable place for defecation. In this way, a large number of animals can be 
contaminated even if they are kept away from cats. The high prevalence obtained 
in this study highlights the risk of transmitting the disease to humans not only 
through contact with oocysts eliminated by cats, but also through the consumption 
of insufficiently cooked infected meat. This depends on the degree of civilization, 
culture and culinary habits of the people in the area. Therefore, removing cats from 
the house is not a solution to prevent the disease. 

Based on the epidemiological investigations carried out and the results obtained, 
in order to reduce the prevalence of toxoplasmosis, the following measures are 
recommended: 

In animals (Figures 20 and 22): 


Feeding cats only with commercial food and not with raw meat, organs or bones; 
If, however, meat (or food scraps) is administered in animal feed, it must be 
cooked; 

e Prohibiting cats from going outside the house (apartment), thus preventing 
them from hunting; 

e Destruction or control of the population of rodents, kitchen beetles, etc., on 
farms and in households; 

e Bins must always be covered to prevent the consumption of household waste, 
corpses, etc.; 
Cats near farms must be neutered to keep the feline population under control; 
The presence of cats near pregnant animals should not be allowed; 
The construction of spaces specially arranged for the storage of fodder, to 
which the cats do not have access and the animal feed is well protected from 
atmospheric factors; 

e The movement of cats in animal shelters or in rooms where animal feed is 
processed shall be prohibited; 
Feed quality-control; 
Improving hygiene conditions in animal shelters; 
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No household waste will be administered in the feed of pigs without being 
sterilized beforehand (by boiling); 

Dead animals must be isolated immediately to prevent cannibalism in pigs and 
necrophagy in pigs; 

Fetal membranes and abortions must be incinerated to prevent contamination 
of cats and other farm animals; 

Preventing the entry of birds into animal shelters; 

Observance of hygiene by farm care staff. 

In humans (Figure 21): 

Rigorous personal hygiene; 

Washing hands with soap and water after stroking cats; 

Prohibiting the cat from accessing the bed, the table or the kitchen shelves; 
Rigorous washing of fruits and vegetables; 

Non-consumption of water from rivers and springs, if it has not been filtered; 
Wearing gloves for gardening and agriculture; 

Daily change of sand in cat litter; 

Hand washing after changing the cat’s sand, or wearing gloves; 

Pregnant women are not to change the cat’s sand; if choosing to do so, they 
must wear gloves and a mask during this operation; 

Avoiding very close contact with pets; 

Consumption of well-cooked meat (cooked at over 70 °C in the center of the 
piece of meat, or frozen at—20 °C); 

Washing surfaces and kitchen utensils with water and detergent; 

The tasting of raw meat (especially by pregnant women) is prohibited. 


Feeding cats only with Restricting cats' access into 


commercial food & the pregnant animals 


shelters 


Use to cats only 


cooked meat 


Figure 20. Preventive measures for the definitive host. Source: Figure by authors. 
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Daily change of cat 


litter sand 
Consumption of 


washed fruits and 


vegetables 


" d http://www. biologydall.go.ro/anatomiaomului.htrr 


Hands protection with 
gloves in gardening and 
agriculture 


Figure 21. Preventive measures for humans. Source: Figure by authors. 


Prevention of cannibalism and 


necrophagy, in animals 


Abortion management and 


proper handling of aborted 


tissues 


Figure 22. Preventive measures for the intermediate host. Source: Figure by 
authors. 


The prophylaxis measures described above can significantly reduce the risk of 
T. gondii infection but cannot completely prevent it. 
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